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Project Apollo
Geological Field Investigations
by

Edward N. Goddard, J. Hoover Mackin,
E. M. Shoemaker and Aaron C. Waters

Objectives of Apollo Geological Field Investigations

Manned lunar landing in Project Apollo will present the first
opportunity to carry out reasonably comprehensive scientific
studies of selected areas on the Moon's surface. The importance
of this opportunity lies in the possibility of applying on the Moon
many investigative techniques that have been developed to explore
the physical nature, chemical constitution, geologic history, and
origin of the Earth. Without application of such techniques the
nature of the Moen's surface, its geologic ancestry, and its
ultimate origin can never be adequately known or understood.

The unmanned lunar flight program will provide high
resolution imagery and a limited amount of physical and chemical
information about some areas on the Moon--data specifically
needed to guide the selection of safe landing sites. Project
Apollo, on the other hand, provides the additional opportunity

to examine the Moon's surface directly, and to obtain numerous

samples to be returned to earth for detailed laboratory investigation.

It alsc affords opportunity for a variety of in situ measurements of -

phyaical properties and structure. The verbal description of the




this additional data--is capable of providing a thorough under-
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astronauts while on the Moon's surface--when correlated. with ' ‘
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atanding of the composition and structure of the Moon around each
ianding site.

Direct knowledge from in situ observation and'sample collecting
is required to identify the rocks and minerals that compose the |
Moon, and to understand the nature of the lunar surface. Once
correctly identified, rock layers can be recognized and mapped -
over most of the Moon's area by earth-based telescopes, and
with the aid of remote sensors carried on lunar orbiting spacec;aft.
- The combine& data on the chemistry and geology of the Moon,
acquired by direct examination and by remote sensors, is funda-
mental to interpretation of tae evolution and long geologic history
of the Moon, and for any critical examination >t questions of , ' . .
its origin and relation to other objects in the salar system. t '
also provides tne basic data for later scientific missions of
‘broader scope in astronomy, physics, and other sciences.

Stated in broadest terms, the objectives of the geological
field investigations in the Apcllo scientific program are 1o obtain
complete and accurate knowledge of the nature and structure of

~; the lupar surface, and so far as possible, to determine the regfbnal o

" stratigraphic and petrologic character of the Moon at each landlng :' N
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site. Such detailed knowledge of the field relations at each Apollo -
. landing site is not only of basic scientific and engineering value by
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itself, but is essential for the complete interpretation of most
chemical, physical, mineralogical, petrographic, and biological
analyses of the samples collected, and is fundamental to the
interpretation of most physical measurements of the lunar surface
that can be made at these sites. The field geological investigation
of the lunar landing sites is, therefore, viewed as preliminary
and necessary to the planning and execution of most other studies

that will be carried out by lunar landing missions. '
Fine structure of the lunar surface

One of the outstanding scientific problems to be attacked is
a geological problem that is likely to be solved in early Apollo
landings: What is the nature of the rocks and minerals that form
the Moon's crust, and what is the detailed "fine" structure of
the lunar surface? Physical studies of the Moon's surface, by
means of telescopic photometry, radiometry and reflected microwave
signals, and observations of the lunar crater distribution may be
combined with empirical knowledge of the phenomenology of
cratering, cratering theory, current data on the flux of meteoroids
in the vicinity of the earth, and estimates of the effects of other
processes acting on the lunar surface, such as sputtering produced
by solar bombardment, to derive models of the local fine structure.
From such studies we already know that the lunar crust is demon-"
strably heterogeneous in composition. The fine structure of the

surface also may be expected to be heterogeneous. In particular,

3



details of the fine structure probably depend on the age of the
surface, or more specifically on the period of time tﬁe surface'
has been affected by cratering and other processes.

On the basis of the available data, it }appears highly probable'
that most parts of the Moon's surface are covered with a layer of‘
tinely-broken rock fragments, the upper surface of which is .
pitted wich craters. The thickness of the layer, the size distr_ii
bution of the rock fragments, and the size and spacing of su’peri-
imposeed craters probably all vary abruptly from place to place.
Employing the data available from the photographs acquitred fré'm’

Ranger VII, in addition to the informatioh obtained at the t'elesébﬁ'é.

a reasonable model of the fine structure of a typical 10¢al area
o0 & mare surface, for example, can be described in the following
wdy:

1. A laver of shattered and pulverized rock covers
more than 95 per cent of the mare. It is of variable
thickness and rests with irregular contact »n the under-
lying solid substance of the mare.

2. The fragments in this layer or blanket of shattere_d
rock have been derived by ejection from craters, most of
them nearby, but some lying great distances away. About:
50 per cent or more of the fragments have come from within
one kilometer of the site, but there is a finite grobabil,ity.,,
decreasing with the distance to the source, of finding a rock
fragment derived from any place on the Moon. Except
along the margins of a mare, therefore, the pieces of
debris will be composed predominantly of mare material.

3. Fragments occurring at the base of the debris
layer will, on the average, have been transported on ballistic
traiectories a smaller number of times than pieces near the
middle or top of the layer. Progressing upward from the
base, the layer has been stirred or reconstituted an '
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increasing number of times by smaller and smaller and
more and more numerous cratering events. The uppermost
millimeter of the debris layer is probably completely
reorganized once every 10 to 100 years by the formation -
and filling of minute craters. :

4. The average grain size tends to decrease from
base to top of the debris layer because fragments in the
upper part, on the average, have been shocked and broken
a greater number of times and have been ejected, on the
average, from smaller craters. Near the base, fragments
as large as several centimeters in diameter will be
common, whereas the material of the uppermost few
millimeters more likely will be finely pulverized. Through-
out the debris layer the bulk of the rock fragments will
probably average less than a millimeter in grain size, but
heaps of coarse blocky rock from the larger craters may
be expected at many places.

5. Beneath this blanket of shattered rock, the mare
substance will in many places show evidence of having
been broken to greater depths by shocks of varying strength
produced during development of the larger craters.

8. The contact between rhe underlying solid rock and
the pulverized surface blanket has considerable local
relief, consists chiefly of the inter=ecting segments of the
original floors of numerous older anu larger craters
that range from a meter to a few tens of meters across.
Most of these are now buried beneath younger impact
debris.

7. Tne upper surface of the debris layer is pockmarked
by craters ranging from less than a millimeter to several
tens of meters across (or larger depending on the local
area). Craters larger than one meter in diameter occupy
about 30 per cent of the surface; smaller craters occupy
the rest of the surface and are also superimposed on the
large craters. Minute craters, with dimensions of the
order of a millimeter or less, probably cover nearly all
of the surface and are superimposed on nearly all other
features.

8. The debris layer typically varies in thickness from
a few tens of meters to less than a millimeter. It is thickest
where it covers the floors of some of the oldest and largest
craters present, and is thin or even absent along the walls of
very young craters that cut through the debris layer into
the underlying mare material.
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A similar layer of pulverized rock probably covers nearly | \
all parts of the Moon's surface. It may be expected to vary in
~average thickness as a direct function of the age of the rocks or |
“terrain on which it is formed. Terrain older than the maria wm
| have a thicker blanket of debris than the typical mare surface,
and the blanket will be thinner, on the average,' on younger

terrain. The average crater size on the surface of the debris
layer will be larger on older terrain and smaller on the younger
terrain. |
Examination of such a debris layer, and verification or
revision of thi's model, presents a challenging problem for the
astronauts, but one that can be solved by straiéht-forward field
procedures. Direct visual examination of the surface will answer ‘
most of the critical questions. The scale of neéc‘led observations
ranges from features observable through a hand héld lens to
‘the largest features the astronaut can observe in the surrounding
field of view. Features te be described include aot only the |
kinds and sizes of rock fragments in the debris layer, but also a
scatement and analysis of the spacing, size, and nature of the craters |
and of all other small and large elements of the local topography.

If the astronauts have been fully trained in the techniques of
accurate and thorough observation and reporting, such visual
descriptions of the landing site, recorded verbally on tape or by
radio communicntion, will be invaluable. Abundant hlgh resolud&l
photography by film and television or facsimile cameras provides
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another form of record from which much of the on site description
and analysis can be amplified and verified after the lunar missions.

By digging, probing, and manipulating the surface materials
with a suitable penetrating device the astronaut can probably
gain an insight into the vertical distribution of rock fragments.
Information obtained by this means would necessarily be limited
to depths of a half meter at most, but might be supplemented by
observation of the wall of a nearby crater. To determine total
thickness and variations in thickness of the debris layer active
seismic techniques would have to be employed. A properiy
designed field seismic system operated by the astronaut might
give information not only on the thickness and physical properties
of the debris layer, of considerable engineering importance
for planning of future missions, but also clues to the nature and
origin of the deever structure of the Moon's crust.

One of the principal problems presented by a surface
covered by a fragmental layer of the kind described will be to
select appropriate samples for return to Earth. With a wide
variety of rock fragments to choose from, the astronaut will be
faced with the difficult task of deciding what specimens best
represent the material at hand. He will need to estimate the
relative abundance of differeat rock types in order to selecr
representative samples, and, in.addition, he will want to c.llect
as many of the infrequentiy nccurring rock types as possibie,
as these will provide information on the more distant parts of the

Moon.



‘In certain respects the model described for the fine structure

of a:mare surface is similar to terrain on Earth which has been
co,véred by deposits left by melti‘ﬁg‘ of a continental glacier. Like
‘_glacial drift, the debris layer on the Moon obscures the »"bedrock"
in most places, is heterogeneous in character and irregular in
thickness and contains rock fragments of widely diverse individual . ~
histories. Thorough study of such a Jayer in a local area either

on the Moon or on the Earth can provide a great amount of
information about the geology and history of a broad segment of

the planetary crust, provided that the origin of the fragmental

layer is understood. Failure to understand the nature and origin
of the lunar microstructure can lead to serious scientific misinter-
pretation and confusion. For this reason we regard the role

of the astronaut as a trained field observer to be fundamental to

most of the lunar scientific investigations to be performed in

Project Apollo, and of paramount importance to the success of
later missions.




Methods of investigation

General methods

The principal task of the astronauts while on the Moon's
surface will be to study the morphology of the surface and the
Character of the material exposed. This study will be made as
the astroﬁaut walks about carrying certain instruments. It will
depend heavily on his visual observations. Understanding of the
geology of the surface rests on the discrimination of different
~ kinds of materials and determination of the three dimensional
relationship of these materials one to another and to the surface
features. Both sainpling and in situ measurement of physical -
properties and engineering properties of the lunar surface materials
should be based on the observed distribution. of different geological |
materials.

We believe it extremely important that the astronaut have
as much free or unprogrammed time as possirie for observation
of the surface. It is only by such unprogrammed observation that
important unanticipated facts will be discovered. The time on
the surface wiil be very short at best and there is a general tendency
to require too many preplanned tasks for the astronaut to carry
out. In order to relieve the astronaut of as many chores as
possible to allow him the essential time for observation, all data
recording procedures should be automatic or semi-automatic
and not require,in most cases, conscious decision or movements
on the astronaut's part. Our plan for the field investigations,
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therefore, includes the use of equipment which will take pictures,

measurements of orientation, and physical properties measurerrients

with a minimum of manipulation or attention from the astronaut.

He should not be required to plot or find his positionon a lﬁap,

waless he so desires in order to visualize the relationships of

the materials he is observing. Rather his position should be

tracked automatically from the LEM and the data transmitted to

Earth and plotted out by computer driven XY plotters in real time.

We believe the availability of real time communication between

the astronauts and the investigator team on the ground can aid .

in removing the burden of data assimilation and plotting and can provida

cousiderabie aid to the astronaut in interpretation of his observations.
‘The following clements we regard as essential parts of

a system designed to relieve the astronaut of as many chores or

buzrdens as possible and to maximize the up.-ortunity for scientific
discovery.

1. Automatic data recordin%: All geologic data
acquired by the astronaut on the lunar surface or from the
LEM should be automatically recorded. Verbal observa-
tions and descriptions should be recorded on tape or
transmitted in real time by RF link or both. Instruments
used to obtain positional information or to measure attitudes
of opserved forms or structures on the Moon's surface should
have an automatic readout. Imagery obtained both by film
cameras and video systems should be taken at regular intervals
as well as on command by the astronaut. Video imagery
coverage should be continuous. Instruments carried with
the astronauts measuring bearing strength of the surface,
radioactivity, and magnetic fields should have automatic
data readout. Sample bags and containers used by the
astronauts should be prenumbered and should be opened and
closed by mechanisms that operate semautomatically. The
astronaut can note positions and numbers of samples verbally
as a part of his continuous record of description. Wherever
po:zible, he should not use verbal description where a picture
or #; automatic measurement can provide the information
mer = efficiently. o
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2. Real time transmission of data: Video, facsimile,
audio and other scientific data should be transmitted in
real time to the earth where reduction and synthesis can
be performed while the astronauts are on the Moon's
surface. All making of maps and the plotting of traverses,
the position of samples, and the location of measurements
and observations on maps can be done quickly and effectively
on the earth with the aid of computers. These data can then
be studied by the investigator team in real time and a synopsis of
positional information, and possible interpretations should be.
available to the astronaut at any time that he desires help.

3. Relay of maps and graphical information from Earth
to Lunar Excursion Module: If possible it would be highly
desirable to be able to transmit maps and graphs compiled
by the investigator team via facsimile or video systems-to the
astronauts in the LEM. This information can then be used
by the astronauts in planning traverses and determining the
best strategy for observation and measurements. They should
be able to revise their strategy as the work proceeds, incorpor-
ating the results of previous traverses into the planning for
the traverses yet to be made.

Activities of astronauts

It is expected that ihe :wo astronauts who we send to the
Moon's surface .u e LiEM will work as a teain. One man will
stay in the I unar Excursion Module while his cafhpanion reconnoiters
the surface. Before each traverse the astronauts will jointly plan
the approximate path to be followed, on the basis of Maps and
information they have brought with them, prepared from pre-
flight information about the landing site, and on the basis of what
they can observe directly from the windows of the LEM. This plan
may be determined entirely after landing on the lunar surface,
with consultation with the investigator team on the ground if

desired, or it may be a nominal plan which has already been

- worked out from pre-flight information, if the LEM lands on a

site for which a great deal of data has already been obtained.
11



The man who remains in the LEM will follow the man on
¢he scrface a3 continuously as time permits both visuallly and |
wy monitoring his verbal descriptions. If assistance is needed |
%y the astronaut on the surface the astronaut in the LEM may
“alp direct him to points of observation which are obscured by the
s+pography, and help guide him back toward the LEM.

"The astronaut on the surface should follow the traverse

planned before egress from the LEM in most cases but should

..z {ree to change his mind if new facts and situations arise Vatix,d.,‘ B

with concurrence of his companion in the LEM, should be able
to plan an entirely new or revised traverse once he is on the
~yound, should unexpected observations indicate this is required.
The astronaut on the surface should concentrate his energy and
time on visual observations and sample collecting and maintain
4 runnivg verbal commentary on what he sees and does. His
description should be focused on those features which can best
be ; studied while on the Moon's surface, and he should conséiously
uvoid spending time describing things which will be readily
portrayed by photography or which can be determmed 1ater by
-.:mdv oi samples returned to the Earth. It will be of great
importa e for him to maintain alertness in both observation and
'3amp1¢ collecting; he should attempt to acquire a8 many small
samples ot material that a.tracts his attention da posmble. It
is bettex to collect roo many samples, some of which will have .

12




to be left on the Moon, than to return to Earth with less than the
maximum allowed weight of sample material. It will be important
for the astronaut to be able to stoop or otherwise pick up pieces
from the surface frequently along the course of the traverse in

order to examine them at close range.
Function of the investigator team

We recommend that the investiga'tor team serve not only to
development instruments and methods of data reduction prior to
the mission but also serve as a scientific board actively synthe-
sizing the transmitted data while the astronauts are on the Moon.
This board should be available for consultation with the astronauts
on scientific questions and for analysis and interpretation of data
for use in evaluating mission safety by the flight operations
personnel. In addition, the investigator team will be responsible,
together with the astronauts, for post-flight analysis of the data
obtained in the field geology investigations.

We also recommend that all of the astronauts in Project Apollo
be considered members of the investigator team to the extent that
they are able to participate. In particular, we recommend that .
some of the astronauts be assigned major responsibilities for the
scientific aspects of the mission and spend a significant part of
their time working with the investigator team in the planning and

development of tne field geological investigations.
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Premission activities. --The premission activi:es of the

:»vestigator team will be concerned primarily with ipdating

tne information on the detailed geology of the Moo 's surface,
nrimarily with the aid of data obtained from the un: anned

wnar exploration program, and with the developm:: t of the
detailed methods and procedures to be used during :he missions.
- As data from each successful flight of Ranger, Su “-eyor, and
Orbiter come in, we should be continuing to imprcie our model
of the lunar surface. Great improvément should 1: possible
after the first successful Apollo flight, and advant; ge should bel‘
taken of the l&lowledge gained in the design or red :sign of the
methods and procedures used in following Apollo “lights.

The invesﬁgator team will make a detailed stidy of the |
g=ology of each of the potential Apollo landing site: for which' '
infsrmatioa is available from successful Survevor and Lunar
Orbiter missions. This study will be the basis of >lanning
tentative treverses by the astronauts and for famiharizing the
astronauts in detail with the features to be expecte!l at the
iending site. Both topographic and geologic maps of the landing
site shauld be a part of the information that accompanies the
astronauie to the Moon in the Lunar Excursion Module.

Several instruments yet to be fully developed are pianned
- for use }in the field geological work by the astronauts on the
vMoon's surface. These include a geologist's walking staff,

/

or alternatively a walker, which will carry a wide variety
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of small instruments providing physical measurements and
cameras that will provide imagery for photometric and photo-
grammetric reduction (See section on instruments). Not only
will the development of the lunar instruments need to be com-
pleted but the ground recording instruments and the data
reduction methods must also be developed. Principal among
these will be the photogrammetric methods, to be used with
the imagery obtained from video, facsimile, and film cameras,
to prepare a detailed topographic map or improve the available
topographic maps that provide the base for compilation of the
geology. Of épecial importance will be the development of
rapid data reduction techniques to be used in real time during
the astronaut traverses. These techniques include preparation
of rough maps of landing sites from data transmitted from a
facsimile system mounted on the LEM, for use in case of landing
on unanticipated sites, and for plotting the traverses and data
points on existing maps or the rough maps so prepared.

The geological field investigations team expects to partici-
pate in the development of integrated scientific mission plans
and in tests for the check out and use of the instruments under
simulatec mjssion conditions. We strongly recommend that
many simulsied missions be carried out at terrestrial field
sites to previde practice in using prototype and flight con-
figured equipment and to familiarize the astronauts thorougnly

with all the procedures. Another important premission function

15



of the investigator team will be to participate in the scientific
training of the astronauts in the techniques of field géology and
ir: briefing the astronauts on known and inferred facts about the
geology of selected potential landing sites.

Activities during mission. --During the lunar missions when

:he estronauts are on the Moon's surface, the investigator team
nlans to follow the motions and observations of the astronauts
with ihe aid of the transmitted video, audio and automatic
rracking system data. This will require that a data receiving
facility be established, linked by appropriate communications
to the mission control center and to available computing
facilities. At the data receiving site the investigator team

will prepare rough maps of the geology and revisions of
already prepared maps from the incoming data. On request,
they w:ll be prepared to advise the astronauts on the Moon

of likeiy interpretation of observations, possible geologic
relations, critical areas or features for examination, position
of astronaut relative to such features of interest, possible
importance of samples picked up, loss of data in transmission,
and possible safety hazards to be encountered along the traverse.
This data should be available either by direct communication
with the astronaut or to members of the mission control staff.
A preliminary synthesis of the observed geology should be
available at any time the astronauts are ready to leave the

sl Ll 2 R i, -

r~ - - - o
Moon. This will aid in determining the degree to which the’
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scientific mission has been successfully completed, in making
potential decisions as to what samples to bring back, and, if
unusual circumstances arise, whether additional scientific
information to be gained by extending the stay time on the
lunar surface is commensurate with the risk involved.

Post-mission activities. --In collaboration with the

astronauts and the other investigator teams, the geological
field investigations team will prepare an exhaustive analysis

of the video, audio and other field geological data acquired
from each mission. Part of this data will be extracted from
study of the feturned samples. - Information in the final report
will be presented inthe form of topographic and geologic maps,
a detailed description of the g.eol‘o<g.).',‘ and iﬂtéfpfefation of the '
geologic history of the landing site and the processes which

have led to the present conriguration of the Moon's surface.
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Instrumentation

Instrumentation required to acquire, transmit, and analyze
the field geological information includes equipment to be carried
by the astronaut on the Moon's surface, instruments that will be
mounted on the Lunar Excursion Module, and equipment to be
used in recording and analysis of the data on Earth

| Equipment carried by astronaut

1. Jacob's staff: The principal item of equipment to
be used by the astronaut for the field geological work will
be a specially designed Jacob's staff, or geologist's
walking staff. The staff serves as an aid to walking, as
a basic surveying instrument, as a probe and sampling
device, and as a calibrated carrying device for a number
of instruments. A number of instruments will be built
into the staff. These include a slow scan vidicon camera
(500 kc bandwidth), for semi-continuous photographic
recording, and a film camera which will provide photo-
graphs to be used both for photogrammetric reduction
and for close up recording of details of the Moon's surface.
Both cameras will be calibrated so that photometric informa-
tion can be extracted from the photographs. An automatically
recording vertical meter will be built into the staff, along
with a sun compass, so that its orientation will be known at
all times. In addition, a number of other alternate special
instruments will be designed for incorporation as modules
into the staff. These include a calibruted penetrometer to
be mounted in the base of the staff, and a continuously
recording magnetometer and gamma ray detection system.
A rough mockup of such a staff is illustrated in figure 1.
A number of alternate designs will be tried in the field
before a final configuration is decided upon for lunar use.

2. Audio system and recorder. An audio system with
aut reunication to the LEM and from the LEM to the Earth
is required to record the commentary of the astronaut.
The transmitter for this system could be designed for
incorporation into the walking staff if necessary. For
backup in case of loss of transmission, the astronaut
should carry a miniaturized tape recorder which will
be driven automatically off of the audio system. If com-
pletely satisfactory transmission of all audio data has
bEgenhreceived, the tape records need not be returned to

rth.
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3. Geologist's accessory field tools: In addition to the
staff, which can serve partly as a probe and a scoop, the
astronaut will need a light weight geologist's pick,a magni-
fying lens,and a marking tool for use in probing the surface,
observing the fine details of the surface and samples

"collected and for collecting samples. The marking tool is
for use in obtaining a permanent record of the field orienta-

- tion of certain samples. These simple tools probably will

not require special design. A number of picks, lenses, and
marking tools can be tried out under simulated lunar con-
straints to select those that are most suitable.

4. Sample collecting equipment: Equipment needed to
collect samples for geological purposes include: 1) pre-
numbered sample bags, 2) a sample carrier, 3) a scale to
weigh the collected samples, and 4) a vacuum sealed box
which will be used to store the bags during return to Earth
and before opening of the bags under controlled conditions.
The bags should be simple to operate and of known simple
composition--probably a bag of plastic or metal foil con-
struction will be sufficient. It is important that they be
very easy to open and close. They are to be used primarily
for the purpose of identification of the individual specimens
rather than to protect them from contamination. In addition,
a few small rigid boxes will be required for bulk samples of
weakly bonded fragmental material. It is understood that
other special sample containers will be required for other
investigations.

Instruments mounted on the LEM

Three instruments are planned for mounting on the ascent

stage of the LEM.

1. RF tracking system: This is a simple radio
frequency tracking system, which will determine distance,
azimuth, and angle of elevation to a transmitting antenna
mounted on the Jacob's staff. It will provide real time
inrmation on the location of the astronaut on the lunar
surface at all times.

2. Photogrammetric facsimile camera. A simple
light-weight very low bandwidth facsimile «.2mera should
be mounted on the ascent stage of the LEM! o provide
panoramic photogrammetric coverage of th. landing site.
This system should go into automatic operation on command
after landing, and the data transmitted in real time to the
ground will provide sufficient photogrammetric control for
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preparation of a rough topographic map. This system is

considered a backup system, in that it will be needed only
for accurate location of the spacecraft, if the LEM lands

on a site which has already been adequately mapped from

Orbiter photography.

3. Vidicon camera and time-sequence camera. A
shuttered, slow-scan vidicon camera and a time-sequence
camera should be mounted together on a gimble on the
ascent stage of the LEM. These cameras will track the
astronaut on the surface, with the tracking mechanism
dz iven by information obtained from the RF tracking system.
The video information will be transmitted in real time to the
ground, and film from the time-sequence camera will be
returned to Earth.

Ground recording and data reception and analysis equipment
Ground recording and analysis equipment required for the
field ge;—:ologicél investigations are as follows:
1. Video monitors and photo recorders.
2. Audio receiver and recorder.

3. XY plotter driven by data transmitted from RF
tracking system.

4. A recorder for the facsimile camera system and a
rapid photogrammetric plotting system which uses the
facsimile pictures.

Details ot the design of these instruments will be based on

further de¢. i(opment work.
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Samples and Sample Handling

Selection of samples

In general it is not possible to collect samples which satisfy
the requirements of all potential investigators. Many kinds of
samples should be collected and it will be necessary to collect
special samples for various specialized purposes. Three kinds
of samples are required to meet the needs of the field geological
investigations. We will not consider here special samples required
by other investigator teams.

First of all bulk samples should be obtained of the surface
material, which presumably is a weakly to strongly bonded :
porous aggregate of very fine particles. Such samples will be
of great interest for determination of the abundance and physical
State of different minerals and rock fragments, and their grain
size and shape and for laboratory dectermination of the bulk physical
properties. Special containers may be needed to preserve the
texture of this material if it proves to be delicate More than one
bulk sample of surface material is desired in order to study its
variation from place to place.

A second kind of sample needed from each Apollo landing site
consisis of a suite of specimens selected to represent the dominant
types of material present. The selection of these samples shouid
be tied to estimates of the areal abundance of each sample type. -
These samples may be either fragmental debris, if variation in

the debris layer can be detected, or individual specimens of solid
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rock. Such representative samples may be obtained either by
collecting at specified intervals along a traverse or by selecting
sarnples according to the distribution of observed geologic units.

The third type of sample needed is the "grab" éample. For
t:2 most part, grab samples should consist of small specimens
{two to five grams) of different individual kinds of rock. Weight
and space should be reserved for the astronaut to collect a large:
number of small grab samples which represent objects that
have caught his attention or appeared to be of interest as he
progressed along a traverse. All samples that appear to be of
interest should be taken provided they are not too large. The
g2lection of these samples will depend very much on the astronaut's
judgment and his observational perspicacity. Taken together, the
grab samples will probably provide information about the gross
mineralogy, petrography and chemistry of the lunar surface.
The total numbei- of such samples which shoula be taken on each
mission is of the order of 500 to 1,000. It is critically important
that space and allowable weight be saved for these samples, for
they, rattic: Uian the special purpose samples, which will be few
in number, will probably provide the greatest scientific returns
from Project Apollo.

It seems to us that coring for samples should receive low
priority on the early Apollo missions unless such coring can be
accomplished rapidly and simply using a push-type coring

device. Drilling a hole would be a profligate use of the time
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available in the first lunar landings. There are certain kinds of
information that can only be obtained by drilling, but so much is
to be learned from what is exposed on the surface, and the infor-
mation we gain from studying the surface exposures should be so
important in selecting an appropriate spot to drill, that drilling
should be delayed until late in the Apollo project.. Core samples, -
when obtained, will need to be treated as special multipurpdse
types of samples. It will probably be necessary to displace the
weight and space auowable for other samples in order to return
to Earth any significant number of cores.
| Sample handling
No special handling will be required for most samples taken

for field geological investigations other than biological quarantine.

i

|
The samples can be packed in simple, soft, air-tight bags which

in turn can be stacked together in a container that can be sealed

to hold a very hard vacuum. On Earth, the container and the bags
-should be opened in a controlled atmosphere of nit.ogen and should
be readily available for study by members of the investigator team
and by other mineralogists and petrologists wi.0 have legitimate
interests and special talents for study of the samples. The samples .
should be stored and distributed from facilities at the Manned
Spacecraft Center. We do not anticipate any requirement for major
analytical facilities, however, at the Manned Spacecraft Center.
Analyses should be performed in existing qualified mineralogical

and chemical laboratories.
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Astronaut training

Two aspects of the astronaut training are vital to the
suenessful execution of the field geological investigations. First, ‘
each astronaut should be a qualified field observer and should
have opportunity to gain the experience necessary to become a
good geological observer. Secondly, each astronaut should
iaintain a basic familiarity with lunar research and specifically
with current work on the detailed geology of the lunar surface.
Primariiv this means he should be intimately acquainted with
thie resulte obtained from the unmanned lunar exploration
program but should also have a working knowledge of the
principal results obtained from telescopic observations of the

Moon.

There is no substitute for experience in field observations.
Tv2 field observer sees only what s eve has been trained to see,
and the accuracy and completeness oihis ohservations improve
in more or less linear proportion tv the length of time he has
spent in @ field engaged in challenging observational work.

All astronauts who participate in project Apollo shiould receive
continued field trainmg up to the time that they go into final
preparations for a mission. They are currently receiving
preliminary fraiming in field geology which should lead to field
zxercises 1nvoiving description and mapping ot geology in the

variety of local complex areas on the Earth. It will be important
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for them to have seen a wide variety of volcanic rocks, to be

able to recognize the principal kinds of meteorites, and to be
familiar in detail with the morphological and structural character-
istics of volcanic, impact, and explosion craters.

The astronauts should have an up-to-the-minute familiarity
with the current status of detailed knowledge about the lunar
surface derived both from unmanned lunar spacecraft and from
the telescope. Specifically they should know by heart the available
facts about the potential landing sites chosen for each Apollo
mission. During repeated practice in simulated lunar missions,
working with f:he investigator teams, they should have built up
a thorough understanding of how to proceed with the scientific
mission and of the methods of deciding strategy in a given
situation on the Moon. Ideally the preferred landing site will be |
known in advance and the astronaut will know its main features
from having worked on a model of the site many times on the
Earth. Whether this will be feasible or not will depend on.the
suécess of the unmanned lunar program in yielding definitive

data for selection of sites.
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PART II: APPENDIX
I, INTRODUCTION

This appendix contains reports and recommendations from
planning teams for the science project of the approved early
Apollo Landings on the Moon, on geological field investigations,
mineralogy and petrography, geochemistry, passive seismology,
active seismology, gravitational field measurements, magnetic
field measurements, heat flow measurements, bioscience inves-
tigations, mission profiles, and the lunar atmospheric measure-
ments.,

These reports are either preliminary or first reports
in the sense that they concern problems considered to date
by the various teams with recommendations which represent
the majority opiﬁion of the more active planning team members
but not necessafily unanimous opinions. In general there is
good agreement among the planning teams and vefy little
disagreement on subjects of mutual interest such as the
collecting of lunar samples.

The summary given in Part I of this document is taken
primarily from these reports with emphasis on basic objec-
tives of the science program and highlighting of problem
areas. The degree of completeness of summary from each
report is of course a matter of judgment. The purpose is
to outline as clearly as possible the scope of the experi-

ments and measurements and how to implement and guarantee
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the success of carrying out this sclentific project. Your

comments regarding significant points that may have been
left out in the Part I summary will be partilcularly appre-

clated.
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Introduction

Some time before the year 1492, a group of workmen were
standing in a shipyard looking at a half-constructed craft,
One of them sald "It won't float"; another said "If the sea
monsters don't get it first, it will fall off the edge"; a
third, more reflective than the others, said "What do they
want to go for, anyway?™.

The Apollo Project is primarily a glorious adventure, in
which man will for the first time tread upon the surface of
another celestial body. It will be a magnificent feat, and
a milestone in the history of the human race. No other pure
pose or Justificatlon 1s necessary.

Important scientific knowledge will result from the
landing. First among the scientific objectives of the
Apollo mission will be the return of samples of the lunar
surface materlals, The study of such samples will tell us
of the thermodynamic conditions under which they were formed;
whether the moon 1is a differentiated body or not; and per-
haps whether 1t was captured by the Earth or was formed from
it in the distant past,.

The samples also may give us a clearer picture of the
Solar System and 1its origin; and a new understanding may be
galned of some aspects of terrestrial geological history.
pating of the mineral samples combined with geological infor-
mation obtained by photographic or direct examination could
give us the lunar geological history in absolute terms.

The probability exists that we will obtain information about
the organic precursors of life, and possibly learn of the
existence of 1life itself in the lunar environment. Practie
cal information certainly will be obtained relevant to the
evaluation of the moon as a station for the further explora-
tion of space.

The function of our group in the Apollo Scilentific Pro-
gram is to examine in detail, in both descriptive and inter-
pretive regards, the mineralogy and petrography of the lunar
surface materials that are brought back., This information
also provides the background necessary to the study of the
samples for other purposes by other groups. Our recommen-
dations and opinions on matters of sampling and of sample
examination follow,.
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Sample Size and Sampling

1. It is the opinion of our group that large individual
samples of solld material are preferable., These samples
should range in welight from a few pounds up to 5 or 10
pounds., Small pieces become more Jjustifiable if of a widely
diverse nature, or if of exceptional interest. 1In this event
a mix of samples might be taken with the larger pleces re-
presenting bed rock or the more abundant or representative
part of the local site., In any case a large dust sample
should be taken.,

- While it 1s true that much valuable mineralogical and
geochemical information could be obtained on quite small
samples, welghing grams or tens of grams, the requirements
of some geophysical and engineering measurements, the necessity
of making all measurements in context on the same individual
sample, and the necessity of preserving a large part of each
individual sample untouched all act to increase individual
sample size. The adequate representation of coarse grained
or heterogeneous solld materials also increases sample size,
as does the problem of dealing with minor and accessory min-
eral components,

2 "he return of a full load of lunar surface material

ie considered to be the most important objective of the land-
ing. Programs of accompanying actlive or passive instrumen-

tal experimentatlion should be limited by this primary objec-
tive. Inability to fulfill the sample packaging recommenda=-
tions or inabllity to take adequate fleld notes during the .
sampiing would be unfortunate, but should not discourage

taking a full sample,

3. Sampling tools should be simple, multipurpose and low
in welight. The use of a lunar Xx-ray diffractometer or x-ray
fluorescent analyzer 1is not consldered justifiable,

b, The question of the size of an adequate individual
sample depends primarily on the nature of the materlal, the
purposes in mind and the methods of study. The matter also
is influenced by the number of kinds of material encountered
at the sampling site, thelr relative abundance and their
relative interest. The physical capability of the astronaut
under the actual condltions encountered, and the sampling
tools and the sample contalners that are available are added
factors. It 1s possible that the lunar materials may be so
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coated by lunar varnish, analogous to desert varnish, and
produced by radiation damage and chemical action, that the
visual differences between materials may be obliterated.
Most of these factors can be evaluated only on site, hence
much depends on the training, resourcefulness and judgement.

of the astronauts.
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Section B

Sample Containers

1, At least a representative part of the sample, and, 1if
possible, all of it, should be packaged at the time the ma=-
terial is collected in sterile, vacuum-tight contalners,

The individual parts of the total sample should be packaged
separately. Reasoms for this include the elimination of
contamination prior to terrestrial examination; the reten-
tion of materials that may prove volatile or otherwise un-
stable under non-lunar conditions; and the opportunity to
evaluate interaction of the sample with terrestrial gases
and water vapor.

2. Special packaging requirements may arise in other
groups in the Scientific Program, such as in connection with
bacteriological examination and magnetic shielding.

3. Proper labelling of the samples and correlation with
written, voice and photographic field records 1is essential.

b, The samples when taken should be referred to a lunar
coordinate system, including identification of top side.

5, Maintainence of the sample during return at tempera-
tures not substantially higher than lunar may be important,
especially with regard to temperature-sensitive matters such
as thermoluminescence, degassing and organic materials.

o Broad specifications for the sample containers include:
adaptability as to size and shape of the sample; the non-con-
taminative nature of the construction material; strength;
thermal stability; ease of use; lightness in weight.
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Section C

Sample Accession

2i.This-section concerns the handling of the sample in
the interval between recovery on Earth and the Preliminary
Examination,

1, Immediately upon return to Earth, and during transit to
MSC at Houston, the samples should be safeguarded, by a
clearly defined authority, against contamination and against
unauthorized examination and distribution.

2. Immediately upon return to Earth any part of the sam-
ple recelved in an open condition, that was not sealed in
speclal contalners as earlier recommended, must be put into
dry, air tight contalners to prevent further terrestrial
contamination, The containers must be provided with identi-
fication. The entire history of any such material including
the brief terrestrial span before packaging must be immediately
ascertalined and thils information added to the main sample
record,

3. Transport of the entire sample to MSC should be ex-
peditious as possible, within limits imposed by absolute
safety. This 1s required because the decay of certain cos-

ic=ray-induced .radioisotopes begins immediately after the
sample 1s below the terrestrial atmosphere, and measurements
hence should be made as soon as possible.

b, All samples must be stored under simulated lunar condi-
tions at MSC pending the preliminary examination.
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Section D

Preliminary Examination

The preliminary examination 1s concerned with a gross
evaluation and examinatlon of the material, with regard to
its mineralogical, biological and general physical ngture, as
a guide to following detalled studles.

1, The sample contalners must be opened in a simulated
lunar environment, and everyoprepaytiprn mustybertahken!
tabbudatelcontamihation,cbiblogicélony bthérwisel
Provisibnomistchermadebatnbids stagefer - the recovery: .

of degassed material, gaseous decomposition products, finely
dispersed solid material, etc,, that may be present in the
containers,

2. Every individual piece of the bulk sample must be pro-
vided with an identifying number (but not inscribed directly
on it) and with a gross visual description. All pleces must
be weighed and photographed., At this point also correlation
must be made with the field notes. This will be the begin-
ning of a permanent written record of each plece that will
detail all subsequent handling and measurement and all stor-
age or experimental environments. This catalogulng operatlion
must be done before the samples are subdivided or measured

in any way.

3. The actual scientific work done on the material at this
stage would be:

(a) Bacteriological evaluation

(b) Evaluation of the possible prejuidicial
interaction of the sample constituents with

the terrestrial environment, such as hydration,
deliquescence, disaggregation, adsorption of
gas, etc,

(c) Measurement of any physical properties that
are markedly time-dependent or that are markedly
influenced by contamination or by handling.

(d) A gross preliminary description of the
mineralogy, petrography and physical nature of

the material as a guide to planning of following

detailed geochemical, mineralogical and other
studies.
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Ddring or following the preliminary evaluation part or all
of the sample would be released to a controlled atmosphere or

‘to the terrestrial atmosphere, but with protection against

contamination, if this was found permissable or justifiable,
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/ Detailed Mineralogical ‘and Petrographical Examination

It must be regongnized that the entire Apollo Scien-
tifiC‘f?ogram will'be critically scrutinized by scien-
tists the world over, . It 1s essential that the program
he definitive in scope and faultless in execution. The
Jevelopmert or improvemert' of methods and instrumentation
appropriate to the task will be an 1mportant accompanying
contrivution to scilence. Provision should be made
within the program for such work, The study aof the
lunar material also may bring about the recongnition of
new terrestrial problems, or require the accompanying
investigation of terrestrial materials., The relation
of such work to the Apollo program requires considera-
tion.

1. The nature of the mineralogical and petrographical
studies can be finally decided only after the return

nnd preliminary examination of actual samples of lunar
material, In general, the mineralogical and petrographi-
:al studies would involve: (a) the identification and
characterization, in chemical, physical and structural
regards, of the individual mineral phases present; and
(b} the descriptfon and interpretation; in hand wilth
gebochemists and others, of the phase assemblages observed.
2 The primary responsibility for sample preparation
for all groups, especlally when purely physical measure-
ments are involved, should remain with the mineraloglcal
and petrographical group.

3. The detalled mineralogical and petrographical
studies would involve:

{a) Quantitative chemical analysis by wet methods,
x-ray fluorescence, optical spectrography, '
electronprobe, neutron activation or other
techniques as appropriate. This work would
be directed toward a knowledge of the bulk
compositioncdf the individual mineral phases
present and of the solid aggregates observed.,
More specialized matters such as noble gas




(b)

(c)

(d)

(e)

o

analysis, trace elements, isotope analysis,
etc., would be primarily the concern of the
geochemical group., All of the analytical
work, wherever or however done, should be
integrated with respect to individual samples
and correlated with other types of measure-
ments.,

X-ray and morphological crystallographical
description of all individual mineral phases,
Crystal structure determinations would be
made where desirable, as in the description
of new phases that may be encountered, or

as needed in the interpretation of radiation
damage or other effects,

Description of the physical properties of

the individual phases, including crystal
optics, density, absorption and fluorescence
over a wlde spectrum of electromagnetic and
particle radiations, and so forth., This

work will be confined to what are essentially
the conventional or common properties., More
speclalized matters such as surface chemistry
and surface physics, radiation damage, fission
track studies and thermoluminescence should

be undertaken, presumably by specialists with-
in the mineralogical or geochemical groups.

A complete petrographic description of solid
aggregates, Including study of the accessory
constituents, with interpretation of the
assemblages observed,

In the case of new phases or new phase assem-
blages that are encountered, and especially
where the information would be of geochemi-
cal or geophysical interest, experimental
studies would be undertaken of the phase
transformations and phase equilibria as a
function of temperature and pressure,
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It is evident that each individual sample
will accumulate a history of observations and
measurements, and will be subjected to vari-
ous environmental conditions and opportuni-
ties for contamination. This information
must be centrally recorded and passed on

to each new investigator of the sample.
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FIRST REPORT - GEOCHEMISTRY PLANNING TEAM

A. INTRODUCTION

This is the filrst report of the Apollo geochemistry plan=
ning team. The group has so far held three meetings, the
second in connection with the Manned Lunar Exploration
Symposium at Houston in June., On that occasion the other
science teams were also present, and we had an opportunity
to review our recommendations and requirements along with
those of other groups. An effective consensus seems to have
resulted.

While this report goes beyond the brief statement 1ssued
after our April meeting, it will be obvious that it is not a
finished product. The special skills and intérests of com=-
mittee members are reflected in the extended coverage of
certain topics. Others may have been correspondingly short-
changed, These reservations, however, do not apply to the
main recommendations and conclusions of the report,

At the outset it seems useful to place geochemistry in
the context of the scientific objectives of the Apollo pro-
gram, The central questions about the moon have to do with
its origin and history, and the light these can shed on the
origin and history of the solar system. So far we have been
limited by distance in attempting to solve these problems.

Though a number of theories have strong partisans, the issues

49
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cannot apparently be resolved without a closer examination.

The moon may have originated at a distance from the
sarth and later been captured by it; it may have grown along
with the earth as a "double planet" system; it may have been
torn out of the earth after the latter's formation., In its
later history the moon may have been and remained a cold
rigid tody, modified only by occasional meteoritic impact
and minor local heating. Or it may have had an extensive
history of melting, volcanism, and crustal evolution like
the earth.

In gaining our present understanding of the earth and of

meteorites, chemical and isotoplc data have been of cruclal

Jmportance. The same will surely be true inh resolving these
issues about the moon, and in the growth of our understanding
thereafter.

With these objectives in view the geochemical portion of
the Apollc sclence program will now be discussed. The next
tand largest) sectlon deals with sample return., Ve consider
thls to be the most important part of the program. The later
sections will discuss active experiments, passive experlments,
and in-flight experiments recommended for lunar orbital
iwisslons. Finally, there will be a summary of conclusions

anéd recommendations,




B. Sample Return

I. General

Present plans for the early Apollo missions call for the
return of up to eighty pounds of lunar surface matter (in-
cluding containers) in a volume of 2.2 cubic feet. The return
of this material will be a scientific event of the first mag-
nitude. We expect the geochemical data obtained from these
specimens to be far more significant than geochemical data
obtained on the surface of the moon itself (with some special
reservations discussed in the appropriate sections)., It may
be well to begin by llisting some reasons for this:

1. In all areas of geochemlistry laboratory equipment in

the hands of experts surpasses (usually by a wide margin)

the capability of field instrumentation, especially where
the latter may be degraded by a hostile environment.

This applies to precision, sensitivity, and reliabillity,

Sampling is under much better control.

2, The proposed sample size is sufficient for a very

large number and varlety of experiments while allowing

preservation of a major portion for the future,

3. Successive generations of experiments, each develop-

ing out of data and conclusions from earlier ones, are

incomparably easler to carry out in the laboratory.
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Time is not pressing, and both apparatus and conce
caﬁ evolve as the progrém proceeds,

4, Results of one kind may suggest experiments of another.
The erntire scientific community will be drawn in. A

single successful mission can lead to years of fruitful

work, as well as to constructive modificatlons of the

sanpling program for later missions.

The sections that follow will deal with the stages of the

sampling program in chronological order,

B.2 Development of Sampling and Packaging Methods

<)

Development of sampling and packaging methods 1s the firstw~

4

tas}. of the program. This development must take into account ' °
sur ignorance of surface conditions on the moon. The remarka-
+1e photographs taken by Ranger VII appear only to eliminate
sume of the more extreme possibilities. There 1s need tb

keep 1n mind two crucial and apparently contradictory notions.
First, no effort should be spared to make sampling and pack-
aging conform to the highest standards that now exlst or can

be develnped., Second, any sample obtalned under even half-

way decent conditions will ge extremely valuable, The astron-

zuts should be given the tools and training to do the best

poesible job, in a limited time, but only considerations of
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personal safety should be allowed to interfere with the return
of a substantial mass of samplé°

The sample containers must conform to mission require-
ments. They should be made of a clean, sterlle, and easily
identified material, easily vacuum sealed., The materilals
should be non-magnetlc if possible., The existence of a hard
vacuum on the lunar surface makes gas containment a secondary
objective for most surface materials., The hardest possible
vacuum should be preserved in samples specially gathered for
some experiments; 1n general a modest vacuum (10-6 Torr) or
inert atmosphere (probably N2) will suffice., It 1s possible
that for certain samples high pressure containers or refriger-
ation would be needed, and these should be available at least
for use on later missions.

To ensure success and flexibility thfé development should
proceed along more than one track.

Sampling tools present another problem. A variety of
physical forms may be encountered, ranging from loose powder
to dense rock., Standard geologist's tools may not be suita-
ble, or their use may require special techniques. Contam-
ination is a very serious problem for these unlique samples,
Electrostatic effects will be a nuisance, and perhaps a hazard,

Here, too, is an area for immedlate and diverse development.,



-6

Sampling strategy and procedures need to be studied the-
oretlcally and experimentally. While detailed advance 1ln-
ztructions may be useless, a general sampling strategy must
e developed., The development of such a scheme 1is in part
a task for the present committee,

As a rough guide we suggest the following. A few large
coherent samples should be taken of materials that appear to
be representative., These will permit parallel and serial
experiments on samples whose relatlve positions are known,
pepruvn, orlentation and position must be accurately recorded.
At the same time a large number of small samples should be
gathered to glve some 1idea of the range of mater;als encountered,
and especlally in order to gulde sampling on later missions,

" sre sheuid be room for a little of anything that "looks
incerest . ng". A method of labelling 1s needed which 1s posi-
tive ond requires little or no attention from the astronaut.
one samples for speclal purposes will require specilal
attention on the moon (e.g. high vacuum samples). In addition,
Lf further materials of any sort can be put in odd corners of
the spacecraft, it will be most useful,

¥inally, special survey instruments are needed to asslst
- identifying suitable samples. Solar radiation and parti-
nles may well have darkened all rocks to a similar shade, and

"2 cond.:ions of 1llumination and observation will probably
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make the eye of le;s service than on earth. We need simple,
light and rugged instrumehts to identify similarities and
differences among rocks, and as an aid to identification,
,Sﬁch instruments might also benefit terrestrial field studies,

‘Some possibilities for this will be described in section (C}.

Boi Astronaut Training

The present astronaut training procedures seem to be
meeting the goal of knowledge of the elements of geologic
practice and theory, and experlence in the problems of field
work, We may hope that the impossible achievement of know=-
ledge without blas has at least been kept 1in view. We venture
to suggest that more contact with outside centers of planetary
and meteoritic research, and with the clashing ideas held by
leaders 1n these fields, ﬁould be useful, It would also be
easy to arrange.,

The new sclentist-astronauts should have time and oppor-
tunity for continuing research, preferably at majof research
centers.,

At the proper time the astronauts will obviously require
detailed instruction in sampling and packaging procedures, and

in the proposed sampling strategy.
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B,%_ Sample Return and Unpackaging

This stage of the program was discussed extensively at
Houston and again at our November meeting in Washington, It
vas agreed by our group and by senior members of a number of
the teams, thatva‘central storage and unpackaging facility
of modest scale is required, and that this should be located
at MSC in Houston, Facllitles for cleaning, handling and
manipulating samples in vacuum, and behind suitable blologi-
2al barriers, should be available. The first group of reconn=
ai;sance measurements, to be discussed below, would be done
there. Thils would also require some space and instrumental
facilities.,

It is clear that these facllities need not be monumental
in scale. A new committee has now been formed to develop
detailed requirements for this facility. This committee has
members from the various teams including Gast and Arnold from
this one. There will be contlinued interchange of 1ldeas.

Procedures for unpackaging and handling should now be
under development, as part of the packing development dis-
-ussed above. Gas transfer is a speclal aspect of this

problem,
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Under this proposal MSC would assume the very serious
responsibility for maintenance of records, and for preserving
the samples. There will be heavy demands for "souvenirs"
and a clear policy agalnst this will be needed. The dig-
tribution of specimens should, of course, be carried out
according to a policy agreed on in advance, and under the
detéiled guldance of a qualified and representétive scien-

tific committee (see below).

B.5 The Experimental Program

a, General

The aim of the whole effort discussed here is to maximize
the advance in knowledge resulting from the Apollo program,
For this purpose we must choose (or recruit) the best availe
able people in each field, and this group of experimenters
must prepare a coherent strategy. We cannot draw up final
plans now, but the shape of the program seems clear. It is
also possible to predict 1In some detail the types of measure=-
ment presently most likely to be useful., Later developments
will be more likely to add to this list than remove items.
We will discuss the stages, again in chronological order,

b. Choice of Experimenters

Oﬁce a type of experiment 1s given, it is not difficult
for colleagues to agree on a short list of the leading prac-

titioners of i1t. We give below a number of likely experiments,



and we could easily enough put down such names for each item,
The method of cholce 1s subjective, but the lists drawn by
4ifferent committees would not differ much. There 1s an
'1mnensé difference, too, befween fhese'peopié‘and‘thé avefége
wori;cer. A continuing effort must bé made to draw them in,
while at the same time encouraging others outsidé the circle
to apply.

We must also ensure that experimenters selected for the
prcgram devote é proper share of effort to preparation for
the ;amples, and to the samples themselves. To this end the
commfttee urges that a program of "dry runs" be carried out

Ly prospective experimenters, wherever this 1s possible,

Sueh a program might consist of analyses of standard samples,

such as those made avallable by the U. S. Geologlcal Survey
and the National Bureau of Standards. bInterlaboratory conm=-
-arisons of this sort have an important value for terrestrial
geochemistry as well, They will undoubtedly lead to improve=-
ment of technique, Performance on these tests should be
tﬂnughpof as a more objective criterion for the final distri-
hution of samples. We recommend that this program be a con=-
uinuing responsibility of the appropriate teams and that
funds be made available by NASA for 1ts support.

¢, Proposed Schedule of Experiments

nAfter discussions with other teams, particularly the

»40logists, we now foresee three stages in the experimental
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program, The first stage will oecupy the four week period of
bioclogical testing. This will include experiments in which
time 18 of the essence, such as gamma ray measurements. It
will also include such rough characterization of the material
as can reasonably be carried out behind a stringent bilological
barrier. First stage experiments now identifiable are these:

1. The gamma ray spectrum of one or more massive
samples must be measured. This contains important information
concerning the cosmlc ray and partiéle bombardment of the
lunar surface, some of which will disaﬁpear with the decay eof
short-llved nuclides. The analysis of one or more samples
should begin within hours of their arrival on earth. Measure-
ments at appropriate intervals over a year or mere can yield
data on a large number of nuclides, These analyses can be
carrled out on samples in the original contalners and are
truly non«destructive, A rough measurement of the concentra-
tion of K and possibly also U and Th will be availlable quickly
from thils analysis; quite accurate values can be obtalned |
after some time, ‘ ‘

2. Sensitive structural experiments. Any structural
parameters which would be altered by accumulation of‘a mono-
layer of inert gas must be studied before such a layer accum-
ulates, In the present state of the art this takes less than
a mouth, but perhaps future advances gan remove this require-

ment. In any case such studies should be provided for in a
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mocest "hard vacuum" facility at Houston.

3, Gas experiments. The gas "in" the samples, defined
= *nat resisting bakeout at a few hundred degrees Centigrade,
2ar he studied at leisure. However, surface gas (if any)
ncerent "on" samples may have to be looked at quickly,

At the same time along with tests for blologkcal hazards,
srall samples of loose material wiil be avallable for scien-
tiic exemination. The maln tools to be used behind the
bi.logical karrier, for this genheral charécterization,,will
br:

1. Mineralogy (see reporf of that team).

2. One (or at most two) simple analytical instruments.

The optlcal spectrograph seems most generally useful here,
-%pecialiy.nipce only the sample-sourée §y§temnneed be be-
hind the barrier. It 1s possinkie that x-ray diffraction=
f?unréscence equipment would also be worth while, though‘
at préseht we think not.
At the end of this firét stage enough 1lnformatlion wouid

: available for distribution of samples for many purposes.
”.,r others, choica of sample size and typs are strongly dew
{. wient on detailed characterization of the range of mater- -
7118 available. Here a second stage of more detalled analysis
w! il be required., Some of thls will be done at Houston, and

.xne elsewnere, The third stage, of major experiments involving
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many experimenters, will not begin or terminate sharply,
Generations of measurements will build on previous ones.
However, throughout this process, there must be detailed
planning and close contact between groups to insure wise
use of material,
d. Later Experiments
Some later experiments of use for purposes of character-
l1zation follow. These would generally be carried out on the
bench or in an inert atmosphere,
1. Micro- and seml microanalysis. Elements analyzed
and sample sizes for silicates: Si, Al, Total Fe,
Mg, Ca, Na, K, Ti. Required 6 mg. Accuracy 0.5%
for major elements, To do H20, and Fe0, and F
requires 20 mg. additional. Other minerels: ﬁp
to 25 mg. required, depending on composition.
2. X=-ray fluorescence for major constituents from Mg
up.
(a) Non-destructive: - Requires finely ground
samples (300 mesh or less). Sample size -
10 mg. minimum., Accuracy 2-3% of the value
determined, provided closely similar standards

are avallable,
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(b) Destructive: (fusion of sample and addition of
an absorbing element)., Sample size 50-100 mg.,
'accuracy 1-2% of the amount present. Preliminary
results indicate that 10 mg., can be analyzeﬁ,
with some loss of accuracy.

3. Electron microprobe, For analysis of individual
gralns of minerals down to 10 microns in dlameter,
Accuracy about 5% for light elements (Mg and above),
2% for heavier elements. |

4, Quantitative Spectrographic Analysis
(a) Regular proecedure: Minimum sample. 10 mg., but

usually done in duplicate. Overall accuracy

+15%,
(h) vMiirospegtroéraphic: ‘Minimum sample 1 mg.
2. Neutron Activation Analysis. Instrumental ngutron
activation analysis 1s currently used for o, F, Na,
Al, 81, Cr, Mn, Fe, Co, and Cu. Sample,size may be
up to one gram., Accuracy +3% 1n‘favorable cases,
Essentially a non-destructive method.,
Cther less certain possibilities for this stage include
sgark source mass specbrbmetry, the lon emission micro-probe
fior light elements) and alpha scattering., With care the same

ramples may be used for several kinds of analyses.
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e. Main Program

Finally we come to the'main progtam ltself. Here it 1is
very hard to be definite. A sgerious case can be made that we
should analyze for éveryfpossible stable and radicactive iso=-
tope of‘every possible element, In as many distinct specimens
or phases as may be avallable in sufficlient quantity. Economy
of sample and time are the only obvious limitations. Ratﬁer
than attempt a coherent account of pérticuiar experiments
this section will contain comments taken in large part”from
material submitted by committee membeérs,
1. Goals in Lunar Materials Analysis (Gast):

The analyses outlined in this program are not primarily
an exerclise ‘In the analysis of unknown materials, They are

aimed at. answering as mény fundamental questions regarding

_the moon as possible within the limitations imposed by sampling.

It 1s clearly impossible to anticipate all of the ways in

‘which tsotopic and chemical ‘data on isolated samples may

lead to inferences on the structure and composition of the moon.
It is, however, possible to éuggest several lines of evidence
which may be instructive. In general, the goal 1s that

isotopic and chemical composition of a few samples may allow

us to place the moon in a sort of planetary chemical context;

At present, this context consists of two extensive asets of
chemical and isotopic data 1) for terrestrial materials and

2) for meteoritic materials.



Several parameters which would be particularly 1lluminating
are: 1) the abundance of K, Rb, U, Th, Pb and Sr, 2) the
r1motoplc composition of lead and strontium, 3. the absolute
4 relative abundance of the rare earth elements, 4) the
cinoentvation and isotope composition of rare gases.

Tne isotoplc composition of a particular lead or strontium
~ample 1s determined by the relative abundance of U and Pb or
it and Sr in all of the chemical systems in which this partic-
uler sample has resided and the length of time spent on each
system. In a differentiated "geologlcally active" body
susn as the earth, the averaging over different systems 1s
significant. In "geologlcally péssive" bodies such as the
source of chondritic meteorites, there 1s virtually no
averaging effect. In the first situation, a single specimen
. *214ds information on the relative abundance of Rb and Sr and

+ Th and Pb for a much larger volume than the local environ-
~m% of the specimen., In the second situation, the age of
. ¢ entlire body may be inferred from the isotope compositions.

This can be clarified by a more specific example, It has
i2naently been suggested that the meso-siderites and basaltic
~~hondrites originate from the moon., It has also been shown
»1at the earth has a much lewer abundance of Rb relatlve to

© than chondrites, as well as a much higher abundance of K
< 1xtive tc U and Th than chondritic meteorites. Determina-

fver of tYa fsotope composition of strontiumbas well as the K,
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Rb, U, Th content from the lunar materials should resolve
this question rather quickly. ‘If the moon 18 on the average
earthlike or achondritic, Sr=87/Sr86 ratios should not exceed
0.725 and more probably fall around 0,703, even if it 1s

differentiated. If it 1s chondritiec, the Sr87/Sr86

ratios
should fall above 0,750,

The rare earth abundances may be parficﬁlarly diagnostic
in determining the extent to which the moon has been differ-
entiated., It is significant that in spite of very signifi-
cang differences in compqsition, the relative abundﬁnc;'of
the rare earths in the basaltic achondrites and the chondrites
is i1dentical. Similarly, terrestrial rocks somewhat similar
to the achondrites have chondritic relative rare-earth abundancese
The nonchondritic meteorites and most terrest:ial materials have
relative rare earth abundances which i_ndiéatg some 'frac'tionation.
The relative abundance of rare earths in the lunar surface should
distinguish differentiatedamaterial from undifferentiated material
even if the initial moon is identicél to basaltic achondrite,

The rare gas abundancés in lunar materials, 1ﬁ‘particular
He and Ar, will when coupled with U, Tﬁ and K content yleld a
gas”retention age, which again will be an indication of whether
or not rock forming events have taken place in the recent history
of the moon. The abundance of other rare 3a;eé - Ne, Xe, Kr -
in the rocks may be the most sen tivc indicator cfAthe exten

to which solar wind accretion is
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imyortant on the lgnar surface.
Finally by way of proposing specific analyses, I will

an example of what I think could be learned from & 1l=2

~
W

ar:m plece by mass spectrometry.
1. Sr isotope'composit;on and conc, down to 0.5 ppm Sr.
2, Ca and Ba cbnc,.and partial isotope compositions
dewn to 0.5 ppm Ba,
3, K, Rb and Cs abundance, possibly KH40/k39,
4, U and Th abundaﬁce down to 0,2 ppm U, ,
5., Lead content with partial isotope composition.
Pb206, Pb207, and Pﬁzou, Quality of isotope composi-

tion depends on conc, if less than S ppm. vPb2°6/Pb2°7

ratio could be combined with activation determined
pn206 /py, 204 ratio,
*rssible additional determinations:
1, La, Eu, Nd, and Sm
2, Ag, Cd, Zn,
2. Stable Isotope Effects (Clayton)

Important chemical isotope effeéts are exﬁected for
hydrogen, carbon, nitrogen, oxygen, silicon and‘sulfury Ir
*he lunar matter had a different history of proton bombard-.
z#nt 1n the young solar syatem, the concentratiohs of D,
12, N15, 017 and the 1sotopes of 1ithium, beryllium and boron

1. diff-r» from terrestiral values,
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In order to get the most use df‘chemical:iiotbpe efrects,
measurements on_separated_phases'dre'esiential. Samples of
the order of one millimole of the element in question are
required for the conventlonal geas éource,mass spectrometrié
analysis. For these fairly abundant elements, contamination
is not a very serlous problem, so that 1thouldAbe.possible
to use material which had previously been used for other
measurements, such as measurements of physical'proberties.
Since currently uéed techniques for oxygen extraCtion“ipvolve
fluoxination of silicates, wilth SiFu as 'a by-prbduét, 1tv§ould
be desirable to use thls gas as the sample for silicon'isotdpg
analysi§° ‘ : o :
In summary, I would recommend that'oxygen and éilicon
iso£Opes be measured immediately on about 50’milligraﬁs of
whole rocko Hydrogen, carbon, nttrogéniaﬁd“sulfur, pfobably h
present in lower concentrations, would require more s;hpié;' 
and may be deferred a while, If mineraiPiépéfatibn ﬁré?es':.
feasible; isotope fractionation effects should be measured in
the separated_phases for.oxygeﬁ and silicon énd'any other
elements of thils group in adequate concentration. fhé de~
cision cn lithium, beryllium and boron c¢an awalt the deter-

mination of their elemental concentrations.
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U. S, Geologlcal Survey Methods for Lunar Program (Fleischer)

Wet Chemical Methods

1, Conventlonal rock and mineral analysis.

2, Miero and.semimicro aﬁalysis of rocks and minerals.,

3+ Minor or trace elements,.

Spectrochemical Methods

1. Semi-Quantitative spectrochemical analysis by Powder
D. Cs Arc Method.

2, QuantitativeASpectrdchemical Analysis by Powder
D. C. Arc Method, '

3., Microspectrochemical Analysis of Minerals.,

k. Spectrochemical Determination of Lead in Zircon for
Lead~Alpha Age Meaéurements,.

5. Guentitative Determination of Hf and Zr, D-C Arec
Method, using the Direct Reading Spectrometer,

5. Rare Alkalis -tDo Cs Arc - KZCO3 buffer - solid
sample (sillcates)

7. Rotating Disc - H.V, spark-solution analyses,

8. Plasma arc - sglution analyses, |

9. Fusion pellet method, multisource excitation using
the direct reading spectrometer,

10. Uirect Reader - D, C. Powder,
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Spectrochemical Methods - Denver Laboratories

(A) Techniques

(1) Six-step semiquantitative method.
Ref, Geol Survey Bull. 1084~1 and Branch Chief memo
dated Aug. 24, 1961, o

(2) Quantitative method |
Ref, Geol, Survey Bull, 1084Q,

(3) Modified Harvey Carbon powder method.
Ref. Book by C. E. Harvey on Spectrochemical
Procedures, Applies Research Labs, 1350.

Electron Miérogrobe and X-rax Fluorescence Ana;zsis

) (A)_ Qualitative
(B) Quantitative - X-ray fluorescence
.(1) Non-destructive powder techniques
(2)  Quantitative analysis with altering of the sample
(3) Soft X-ray analysis
(4) Electron probe
Fleischer's report gives detailed information on these methods:
sample size, elements, precision, etc,
4, Phase separations
Our abllity to make clean separations of mineral phases in
terrestfial materials is still marginal in many instances.

Present methods often use material lavishly in grder to
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obtain small concentrates, Little progress has been made with
fine-grained rocks. An effort in this area 1s needed over the
next few years, if we are to use lunar materlals effectively
and economically. Again improved methods would be of great
benefit for terrestrial geochemistry. This subJect is 1intl-
mately connected with the statistical sampling problem, We
hope the mineralogy team willl push this.

5. Emission Spectrography (Turekian)

The most general instrument to provide a reasonable
semiquantitative estimate of the major and minor elements ls
the emission spectrograph. All other techniques elther
reduire more material or are more specific. The following
scheme can be used for the most immediate information for
the least amount of materlial. It 1s also insensitive to the
type of silicate beilng analyzed. The quantity of material
listed is the amount necessary for a triplicate determination:

1) Major elements: 10 mg of sample mixed with a large
amount (e.g. equal to or greater than the sample) of strontium
carbonate, Using the DC arc, reasonably satisfactory semi-
quantitative results can be obtained for the major elements
Ca, Mg, Si, Al, Fe (total), Na and K.

2) Minor elements: 20 mg of sample mixed in equal
parts with "Spec-pure" calcium carbonate can be analyzed

for a host of trace elements using as internal standard the
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iron already in the sample and previously determined, All
the trace elements Rb, Sr, and-Ba, to the 1limit of their
sensitivities in the DC arc, can be determined in this
manner.,

In a separate set of arcings Sr and Ba can be determined
in the above mixture using calcium as an internal standard,
As the calcium‘rrom the "Spec-pure"™ calcium carbonate swamps
the calcium in thé :ock (for most rocks) the semiquantitative
nature of the calcium determination has a minimum effect and
the strontium and barium determinations can be quantitative
(see Turekian, Gast, and Kulp, 1957; and Turekian and Carr,
1961). | “

Rubidium may be determined by mixing 10 mg of the sample
with "Spec-pure"” potassium chloride or potassium carbonate
and using the DC arc, photographing only the alkali emission
to diminish the cyanogen background which enve;opesbthe
rubldium lines., |

A total of L0 mg will give results of falrly high quality
for initial reconnalssance within two days.

6. Activation Analysis

This 1s the most widely used method for trace-element
analysis in the meteorite field, and 18 also of growing
importance in terrestrial geochemistry. Its use has resulted

in a drastic lowering of abundance estimates for many ele-

ments, and a qualitative improvement in precision. Instrumental
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methods not involving wet chemistry can sometimes be used, so
that samples are avallable for other purposes., Meinke has
made available detailed 1nformation on this type of analysis,
7. Bombardment Effects (Arnold)

Cosmic rays produce new stable and radiocactive nuclides
in meteorites. The study of these has 1lncreased our know-
ledge of meteorites and provided the only avallable informa-
tion on the history of cosmic fadiation over time scales
longer than that of Clu° Measurements on lunar samples will
be most profitable. The great hope 1s that cosmic-ray-produced
K0 w11l be measurable in some K-poor phase, and that this

can tell us something definite about the cosmic ray intensity

on a billion-year time scale. Accurate long-time erosion
rates may also be obtalnable. The development of fossil cosmic-
ray tracks 1s another possibillity.

The gamma ray experiments described above would at best
glve information on perhaps one third of the radioactive
bombardment products of interest, and on none of the stable
ones, For the B and x-ray emitters meteorite samples on a
kilogram scale have been usefully employed. Minimum sample
size for a useéful broad program on cosmic ray products is a
few hundred grams. The measureable stable products will
probably 1include the rare gases; others such as Sc, Ca

isotopes, K 1isotopes, elements of the Li, Be, B group, will
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be accessible ohly if sufficiently pure targets are available,
Bombardment by solar particles and photons of all energiles
may have profoundly altered the exposed surface materials., A
variety of measures of radlation effects have been used, The
cholce of methods will depend on the character and intensity
of the bombardment,
8. Gas experiments, There 1s a very rich group of possible
gas experiments in addition to the few discussed above, The
rare gases, and organic fragments, provide exciting possibilie-
tles for analysis., The work of Reynolds, Nier;land their
coworkers, among other groups, has been outstanding here.‘
This fleld makes speclal demands for sophistication of_tech—
nique and data analysis, The high vacuum samplés descfibedu
earlier would be largely devoted to such analyses.,. It is
assumed that each of these would be transported unopeﬁed to
the laboratory where it was to be analyzed, and treated
there according to a sequential program,

C. Active Experiments

For the early Apollo missions, an active experiment must
be of extraordinary importance to compete with observation
and sample collection for the astronauts' very limited time,
In the geochemical area we know of none which can do so, in
its own right. At the same time, instruments which can furnish

guldance for sample selection will be most useful,
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The ideal instrument of this type would give an elemen=
tary (or mineral) analysis of surface material, without sample
preparation, rapidly and with an accuracy of a few percent.
No such gadget exists, At the lower limit of usefulness is
o device which could indicate sizable differences in compo=-
sition between two materials, without identifying them,

Any useful instrument must be portable - perhaps on a
"Eugene's staff",

A magnetometer may be one useful device of this class,
The presence of magnetite or free metal could easily be
seen. Since there appears to be a serious possibility that

one or more of these substances will be encountered, develop-

ment of such a device appears worthy of support.

More general analytical instruments might include the
nondispersive x-ray fluorescence spertrometer, gamma ray
spectrometer, alpha scattering, neutron activation, x-ray
diffraction and dispersive x=-ray fluorescence, Studies in
connection with the unmanned program suggest that only the
first two can be considered for the present purpose, 1n the
current state of the art.

Non-dispersive x-ray flucrescence requires a source of
excitation, one (or perhaps two) proportional counter tubes,
and provision for pulse height analysis. The source excites,
the proportional counter detects, and the pulse height

analysis displays characteristic radiation representative ‘
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of sample composition, ,

With available band widths it would appear practical to
telemétér prcportibndl counter pulses in real time, and do
all data redﬁdtidﬁhby computer on eafth, felaying back the
finallreéuifs.vérbailﬁ; ﬂ ‘

A. D, Metzger at JPL;and co-workers have obtained promis-
ing results with this methdd. It appears likely that rough
quantitative analyses could be made 1n“30.second§ distinguish-
ing Mg-Al-Si, S, K-Ca, and the Fe grbﬁp. Thie would bé
really useful for Qampling. Perhaps éveﬁ‘individual elements
can be measured. Further development may enhance this capa-
bility. -

Gamma ray instruments are standard in ferrgstrial field
work. On earth they respond mainly to k'and'U, Th, and their
daughters. On ﬁhe moon cosmic-ray effécts may‘be prominent,
1f these radioactive elements are low in abuhdance. The;
count rate of a small crystal may be low, howevér, and tﬁus
this technique may be limited to qualitative;distinctions.

Simple devices which test Stréngth, density, or other

physical parameters are also worth considering.

D, Passive Exgeriments

This subject has received 1little discussion at our
meetings. The general argumehts against actlive experiments

do not apply here, and it 1s clear that there are passive
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sclentlflc experiments of majJor importance (e.g. the seismograph).

We do not at present have any recommendations for passive
experiments in the particular area of our charge. Passive
experiments are most appropriate where propertlies are a
function of time, or where data gathering 1s inherently slow.
The lunar atmosphere may present such a case, So may
emanations from beneath the surface, though this is somewhat
"far out" at the moment., In any case another team is con-

sldering gas measurements 1n situ.
E, In-Flight Experiments

In-flight experiments are not now a part of the Apollo
program as such. They come under propésed Manned Lunar
Orbital Missions instead. However, our committee has
consldered them, and wishes to register here its strong in-
terest 1in a number of them. A close lunar orbiter would
allow useful geochemical mapping of the moon by means of

1. Gamma rays

2. X-rays

3. The vacuum U.V,

k., The optical region

» Infrared

5
6. Radio waves
7. Neutrons

8

. Protons

-
. -
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9. Alpha and Beta particles

10, Other electrons

Summary and Recommendation

The followlng 1is an attempt to summarize the key points
of this report, not necessarily in order of importanqe.

1, Sample return is the dominant portion of the Apollo
sclence program, where geochemistry is concerned. A large
mass must be brought back, under the best conditions of
sampling an& preservation if possible, but anyway brought
back somehow.

2, Sample contalners should be under development now.

‘They should meet a varlety of specifications, but not all

need to be ideal in all respects. This remark applies
particularly to vacuum,

3. Sampling tools also need development now,

4y, The strategy of sampling needs further considera-
tion. At present we recommend taking a few large represen-
tative samples of known orientation, along with a largebnumber
of small ones representing the range of materials encountered.

5. Survey instruments are needed to supplement the eye
in characterizing possible samples., ' ‘

6. The best workers in each geochemical fileld should be

encouraged to participate 1n the laboratory program, along
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with others whose names are not well known, A program of
preparation, including "dfy runs",'will ald in planning proper
sample distribution, and improve the general level of work
done with the samples. This preparatory program ought to be
funded specially by NASA.

7. The biological control to be maintained during the
first four weeks will inhibit geochemical work. Early exbér—-
iments should be confined to those (1) where information will
be lost by waitlng, or (é) which can yield preliminary data
useful for blanning later experiments, and are simple enough
to carry out readily behind a biological barrier. These
experiments are discussed in the text.

8., A major and well chosén portion of the sample must
be set aside at once in proper custody as a reserve for the
distant future. Within the remaining material, sample allbt-
ment should be in strong and proper hands. A policy ageinst
"gouvenirs" will be necessary.

9, No passive eXpefiments in the geochemical area are
presently recommended.

10. While it is outside our present charge strictly
speaking, the committee wishes to record its great interest
in the geochemical results obtainable from a lunar orbiting

mission.
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A passlve selsmic experimént on the moon utilizes
seismic waves from moonquakes, meteorite impacts, and other
sources to study the sources themselves, as well as the
internal constitution and state of the moon. Lunar seismi-
city, that is the statlistics of moonquakes, is an index of
straln accumulation and release, It relates ultimately to
the thermal history and the current thermal regime of the
moon. Seismicity 1s alsc an index of the origin of
surface features, such as faulting, volcanism, and impacts.
The correlation of lunar features with epicenters of seismic
events will enable us to say something significant about
the origin of the surface features, A single seismic system
‘on the moon can give rough azimuths and distances, so that
eplcenters can be obtained with sufficient precision to make
this correlation., Meteorite impacts would provide seismic
sources the same way that underground explosions do. These
impacts would be difficult to separate from lunar quakes,
except that the first motion would always be compressional,
It may well be that one of the best indicators of the cross
section of meteors in space will be the seismic experiment,
Roughly speaking, the seismic experiment 1is also a mieroe
meteorite experiment with the entire surface of the moon
serving as a sensor. Finally, seismic waves may be used to
infer properties of the lunar interior. It is surprising

how much can be accomplished with a single three-axis
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station. Modern methods of analysis of surface waves enable
us to recover phase and group velocities of qﬁrface vaves
whieh have repeatcﬂly circled the moon, Free oscillations
Jor the moon, if they were recorded, make it possible for a
ltucle station %o oxplore the lunlr 4nterior throunh to the
center. The grtvest mode of oscillation is approximately
thirteen to fifteesn minutes, which may well beﬁwiphin the
range of the instrument. bistinct from lurfacé §ave£, body
vaves, or seismic rays, could be used to revealfihé'hresence
or absence of a lunar core, velecity reversals Ié‘ehé moon,
and mechanism of lunar tremors., The absorption of seismic
waves indicates the‘anélastic properties of the‘moon. This
can be obtained from the Q of the free oscillatlons, the
absorptlon coefficient of propagating waves, or the decay of
surfate waves which“repeatedly.circle the moon, As & result
of retent work, 1t is now possible to 1nvert such data as

Q *versus period to obtaln a Q versus depth curvé. Thig may
then be correldted with tempe;gtures, materlals, the presence
of zones of partial melting, etc. The density-depth funbtion
In the moon can be recqyeféd if the comp;eésional ahd shear
veabcity structure 13.known, Thus the sg¢ismlc egperiment

contributes to this lmportant aspe¢t of the lunar interior.
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Much information and experience has been obtained In
recent years in the design and fabrication of geismographs
for use on the moon. In connection with the Ranger program
a single-axis short.period seismometer was designed and con-
structed., For the Surveyor program, a three-axis seismometer
system was designed, constructed, and 1s now being readied
as flight hardware. This system covers both intermediate,

short and long perlods, The prototype of a three-axis

“system for use on possible Surveyor follow-on programs has

been completed. It also responds to short and long periods; -
its responsé 1s not as long as the Surveyor instrument, how-
evér, its weight 1is less. With this backlog of experieﬁce,
the system which will emerge for Apollo will have had the

benefit of many years of prior effort.

It is proposed that the Apollo's passive seismic system

‘be composed of a three-axis seismograph, capable of respond-

ing to short and long periods., It should be designed to op~-
erate for at least six months in a continuous fashion. It
would be plaged on the moon'by an astronaut, whose duties
may.be as simple as placing the equipment on the lunar sur-
face, or as complex as adjusting the bandpass and gain of

the ilnstrument in the light of lunar seismic noise.
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Since difficulties increase rapidly with seismometer
pendulum perlod, it 1is suggested that the free peridd of
these be made only as long as neéessary to achieve thé:de-
sired long period response when in combination with fiiﬁer
shaping. The possibiliti of providing several passbands
with individually adjustable magnification controls an&
signal level 1nd1cators'shoulé‘be studied. ' The aStponau#
can set magnification to'the maximum vaiue‘éompatible wféh
noise in each band. The outputs could then be combined to
record on a single channel. In addition to the three-axis
system, we recommend the inclUsionjéf a single short period
vertical seismomet%n. This uhié could have a size.roughly
one-~-quarter that ofjthe Ranger seismometer, Its total weight
would be of the order of 10d/o éf the three-axis system. |
It would serve as a backup deviée should hore complex '
long perlod apparatus fall., It would also serve to record
shopt period body waves, thereby enabling us to decrease

bandwidths required for the lopg period selsmographs,

Suggested selsmometer garameters:

Three-axls system: Seismometers free period: 3 - 10 sec.
Short period single axis seismometer: 1/2 - 1 sec,

Damping: (near) critical,




Transducers:

Displacement for signal for three axis system with
damping and mass position feedback serve through velocity
transducer; velocity transducer fdr single axis seismometer,
(Type of displacement transducérs to be selected by compari=-

son of ekperience of the-groups with various types.,)

Fregquency response: _
D. C. - 2 cps, separately controlled in three bands for

three-a;is system. 0.5 - 5 cps for single éxis.

gxnamic*rangg-amd distortion:

Not ;eah than 40 dv range analog, with amplitude dis-

tortion not greater than 10°/0, phase distortion calibrated.

‘_Magnification capability (minimum):
| Short-period band - 106
Mid-period band 105
Long-period band . 10"
Each b&nd to be fitted with a magnification control and

a threshold indicator.

Power consumption:

Power:

Abﬂrox. 1 watt continuous; 3 dc levels regulated under

28 volts,




Approx. 1 watt hour initial leveling (e.g. 1/4 amp.,
12 volts for 20 minutes). | A
_ Approx., 1/50 wattkhour each d;§ for level adiﬁstment
| (e.g. llh am, 12 voltl, for 20 sec).
Distance ror power transmission' 10 20 ft.

Peaks, - Pyro buttery needed one time only.

ve cecommodati
Three-axis system: Servoed gimbal to accommpdate
159 or less - automatic rough leyel”brobably‘not'requirgd
singe instruménﬁ will be positioned manually on a piepared
aite. Masses to be continuously.sorvoed tﬁ sero by feed-

back of processed transducer 'error signal" gross correctionl .

by mechanical adjustment actuated by error signal.

One-axis system: 30°

. Tgmgerature‘and~environment“tolerggce:‘
',0 to + T0° € operating, ~50° to + 125° ¢ storage or

enroute, |
No vacuum tolerance required, instruments can be sealed

in a case with an atmosphere, if necessary,

Radiatiom tolerance as dictated by future studies.




Weight and volume:

Using the already developed Lamont and Caltech models
as a basis, it is estimated that such a selsmometer package
would weigh less than 25 1lbs, and be between 600 and 1200

cu. in. in volume exclusive of heat screens, and power

supply.

Telemetfx: _
Central multiplexer and kD converter for all experiments
1s desirable, f , |
Range-3\axié system: greater than 40 db analog
llakis seismometer: 40 db analog |
Sample fafé: 3 axis: 3 cﬁénnels, 5 samplés/sec, each
sample 10 bits “
1 axis: 2 éﬁannels, 10 samples/sec, each
sample_? bits‘
3 engineering channels at 1ess;than’1
bit/sec,

Bits/sec total system less than 300 bits/sec.



Time gcgodule:

' W1th-a‘fiight Qate estimated st September, 1968, it is -
suggested that 18 months be allotted to development of the
model instrument, Qnd 18 monthas allowed the flight unit ven-
dér for finalizink”!nd festing. Allbwing a buffer period of
3 months, this wili*dnlivgr flight hardvare one year in
advance of the suggested flight date. Power supply data
storage foeorder.~adl heat scieen design can parallel the
seismometer package;desi.n to an extent that these will be
ready for rxnaliitak’ln bﬁc same period as the seismometer
package. | '

This is a close schedulé for such an experiment and
would Eequire cloég cooperation betyeen our groups, and

coordination with’ vendors of auxiliary equipment,

During thg,firat_two.years. activities will be prilarlly'
' ﬂcsigp aﬂd;cqnltruétion of modsls and goordination with the

| bﬁaceAa‘encyfand~$uppott£n¢ vendors, and a full staff will

be ?eqﬁlréd.

In the 18 months prior'ta delivery of the £flight hard-

. vare, activities will de prinariiy surveillance of the manu-

facturers' sctivities and the costs will be less. These costs

will be covered under a reneswal of the contraet at that time.

Data handling and analysis funding will then be required.
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The purpose cf this experiment is to ascertaln elastic
properties of the lunar surface and interilor to a depth of

about 500 feet. hls information 1s necessary to properly

"interpret lunar surface features and near surface lunar

strat;gréphy. It may be that ﬁhe original lunar surface 1is
not buried to an extent not p;hetrable by the astronaut., 1In
this case, this eiperimeﬁt may provide the only data_from
which to infér the nature of this orlginal surface.

As presentlj conceived, the experiment utilizes mortar§
to deploy explosive charges and provide the selsmic sources.:
In viéw of the hazard to the astronaut and to other experimehts
from flying particles, this experiment should be set up by
the astronaut, but its performance deferred until he has
departed and until all other experiments have completed théir:
functions (six months after set up).

Data requirement

In order to complete a seismic refraction experiment o;W
the moon, the instrumentation must be capable of providing
the following information:

1, Distance from the selsmic source to the receptor,

2. Instant of explosion or other selsmic source (time
break).

3. Precise timing of interval between (2) and any
event in the subsequently received seismic signal,

4, Reception of the seismic signal without distortion

| which might obscure the character of the signal,



.

When data is transmitted at the time of performance of
the experiment (no stopage) item (3) can be recorded on earth
in parallel with the lunar data during recefitisn,
Instrumentation

. The instrumentation would consist of the following:

1. A package of five.projectile throwing mortars each of
whiéh is fitted‘with a range encoder opefated by a range’
metering line towed by the projectile.

If the range metering line is of conducting material, it
may also be used for projectlile charge detonation and instant
Qr explosion indication,

One technique suggested would be to include a capacitor
aboard the projectile and after the projectile 1s launched,
commehce charging the capacitor through the metering line, A
switch aboard can then discharge the capacitor through the
detcn@tor, either on a command or when the capacitor voltage
has risen:to a predetermined level., Discharge of the capacitor
can be used as a time break impulse.

2. A program unit to sequence firing of the mortars at
2-5 minute intervals.

3. A geophotie for recepiion of the seismic signal
(Af possible, it would be well to use two at 100 ft.
spacing). |

k, Amplifiers for geophone signals. These probably
should have a gain-change or compression for larger ampli-
tudes to prevent overload on ground-roll, etc. and yet

leave smaller first-arrivals unaltered,
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It mlght be well to provide a separate amplifier for
application of the time break to the telemetry rather than
risk coupling of moise into the seismic amplifier input by
the long time break line. Probably the time break amplifier
could be very basic since the time break signal will Le

fairly strong.~

The program unit, amplifier and other assoclated
electronics would presumably bé hoﬁsed with other similar
equipment of the mission which requires edirtrolled environ-
ment, and after a six-month perlod, power, telemetry, etc.
will be transferred from other experiméhté to the selsnmic

experiment which then is controlled by its own programmer.

The astronaut would.pe required only to emplace the geo=-
phones,yénd emplace and aim the mo}tar pabkagé, The mortar
package might be 20 ft. from the mission telemetry system
and connected by cable.  If only one geophcne is used; this
can be near-by the telemetry package - 1f two are included,
the second should be approximately 100 ft., .distant. It

would be well if.these can be buried,

1

In performance of the experiment, the mortars will be
fired singly, in séquence. at two to five minute intervals
as determined by the programmer, which will also switch

range encoder data., Projectiles will be thrown and
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exploded 1n a more or less uniformly spaced linear array

over ranges of 200 - 2000 ft.

Early field tests indicate that the maximum chargg
required will be about 4 oz. of TNT equivalent, For the
nearer shots the charges may be somewhat larger than indi-
cated, for relliablility reasons, The minimum will probably

be of the order of 1 oz.

The data fbrm will be a series of events displaced in
time as follows: ‘ |
1., An indication or.prOJectile launch,
2; Range encoder data, which at present i1s a series of
step signals each 1ndicative of an increment of range. .
3. Time-break, a fast rise time pulse or step indicative
of the instant of explosion. A
4, The selsmic waves with}traquencies probably in the

range of 0.5 - 100 cps.

- In order to achieve timing to a few milliseconds, .the
system must have fairly high freqWency handling capability,
perhaps 500 cps.

A dynamic range of gO’dbvis desirable{ hdwever, com-
pression may be applied to the larger amplitudes. Then

T




with a telemetry dynamic range of 40 db approximately 7,000

bits/sec will be required for the data channéls,‘

Specifications summary:
Geophones (typical)

welght

volume

natural frequency
damping
sensitivity

‘temperature tolerance

Amglifiers:

input noilse

gain

dynamic range

pass band

8 oz. each

8 cu. in,

5 ¢ps

.6 of critical
.5 V/in/sec

lunar surface

.1 max
dependent on teleﬁetry_

input ;equirementﬁ,}L

" (100 db will give an

.estimated 1/2 V output

with charge and geo=-

phones suggested).

. 60-db

1l/2 - 500 cps



" wbe

power ’ - 3 lévels at less than 28
volés, regulated, 2 watts
for 20 minutes

dimensions (est.): - 1" x 2" X 6"

" weight (est.) - 8 oz,

Programmer:

Time sequence 0 sec - activate system
60 sec - launch and record (or
A - tfdnsmf#)
120 sec.e ready next shot and power

off (or recycle)

- Power consumption - 3 watts - 20 min, 28V DC
Dimensions (est.) - 3" X 3NXx 3"

Weight (est.) - 1l 1b,

fﬁg;tar package:
Power o _ S
Case open squibém(B) g8 volts, 2 amp. few ms.
Range encorder (5). 2§ volts, 50 ma, 20 min,
Lsunch squib (5) 2B ‘volt, 2 amp, few ms.
Detonate power ($) equiv,., to 28 2 amp, few ms,
Dimensions = approx. 4" X 8" X 18"
Weight - approx. 20 1lb.
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' Telemetrx requirements: "

1!~ data channel per geophone used - 7000 bits/sec for
selsmic data,

l - engineering channel to indicate transfer of system
to active expariment, mortar package case opening, projectile
launch ahd 8sequence of advance, -

If the bit ?éteiis beyond the capability of the Apéllo
system telemetfy consideration shouid.be given to on-site
recording and slow playback, before degradaticn of the ex-

periment to accommodate the system,
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LUNAR GRAVITY MEASUREMENTS

Section VII
J. Weber and G, J, F. MacDonald

ABSTRACT .
\gL N
Precise measurements of the'acceleration due to gravity
on the lunar syrface over a period of ménths may yield val-
uable information concerning the internal constitution of

the moon,

The moon willl interact with gravitational radiation.
The lunar free oscillationsAmay be observed to be excited
by such radiation if the power spectrum is sufficientiy
intense over the frequencies of certain of the moon's‘nofmal
modes., Simultaneous observation of the earth's normal mode
excitation will make it very likely that the effects are

due to gravitational waves.

Observations are planned using a lunar gravimeter having
a weight less than 30 pounds, a volume less than one cubic
foot, power consumption less than 5 watts continuously, and
less than 15 watts with 30% duty cycle. This device will
continuously monitor the lunar gravitational field, record-

ing changes greater than about one part in 109°

'@Mw
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Lunar Tides and the Love Numbers h and k

The gravitational fields of the earth and sun are ex-
pected to cause tidal deformations of the moon. In the
Newtonian approximation these forces can be expressed as
the gradient of a potential U, The lunar surface is moved
by an amount 4 proportional to the potential

6= h U surface (1)
€
Here g is the acceleration due to gravity and the constant
of proportionality h 1s called a Love number, 1,2 There 1is
~an additional effect on the pogential itself due to the re=-

-distribution of mass in consequence of the tidal deforma=

tion. We may write the change of potential as

AU = kU » (2)

1,2 number. k neaaﬁrea

Here k 1s another kind of Love
an amplification of the perturbing gravitational field due

to the lunar deformationo

The orbital motion (free fall) transforms away the first
.dcrivatives of the external potential at.the center of
mass,fi&aQing'a quadrupole term as the major tidal producing
potbhtial.’ For the effect of the earth (or sun) on the moon
U is therefore given approximately by

U, = -GnrzP (cos &)

\ |
(3)
R?
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Here G is the constant of gravitation (G = 6,67 x 10"'8 em3

1 gec™?

gm™ » M is the mass of the earth (or sun), r and @
are spherical coordinates using the lunar center of mass
as origin, R 1s the distance between centers of mass of
the moon and the tide producing body. In correcting the :
potentlal for the redistribution of lunar mass due to tidal
deformation we note than on the lunar surface we are Joutéide"
of the induced tidal lunar quadrupole so for a lunar radius
ro

aU= k G M r_° P,(cos §)

3.3 (4)

R°Tr

The potential due to the lunar masgs m 1tse1f'is'given for a

sphere by
U, .= « QGm
° r (5)
3, 4, and 5 enable us to write the total potential. Dif-
ferentiating this and correcting for the tidal displacement
of the lunar surface gives the tidal induced change in
acceleration due to gravity as
8= L +n-gw 20 =2
T r (6)

During the monthly cycle the quantity 0U2 willl vary
T

because of change in distance between the moon and perturbing
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bodies, and because of latitudinal and longitudinal libration.

4 show that the earth produces the méJor effect,

Calculations 3»
which 1s a tide with peak to peak amplitude of roughly one
milligal. The solar effect 1s about two percent of this,

The "gravimetric" factor.4§(= l1+h=- g k depends on the in-

cernal constitutlion of the moon., MacDonald 5,6 has considered
a number of models. A lunar model assuming a reasonably homo=-
geneous composition, made of silicate materials similar to |
those of the earth's mantle gives 4§(- 1.0033 while a uniform
fluid model gives ﬁﬁ’- 1.25, These are ‘upper and lower limits,

Urey, Elsasser and Rochester T have discussed fluld core models.,

h and k may have real and lmaginary parts, if internal
dissipation significantly affects the iunar low frequency
response., ©a the earth the averaged lag of the 12.4 hour lunar
tide 1ia 2,20;,tha dissipation is due in part to sﬁallow ocean
friction amd in part to dissipation within the dolig-earth,
Indepernrdent determination of h and k cannot be made unless
surface tilt isiéimdltaneously measured. However the magni=-
tude ot‘{ﬁaﬁtogether with reagonable assumptions, will enable
h and k to be inferred., A lunar gravimeter should, be able
to Mmeasure changes in lunar g (162 gals) of a part in one
thousand of the tidal amplitude of one milligal---better than

one microgal., Existing earth tide meters of the La Coste
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Romberg, and Block Welss type achieve more than an order of

magnitude sensitivity greater than this.

Gravitational Waves

In 1916, shortly after the formulation of the General
Theory of Relativity, Einstein predicted the existence of
gravitatlonal waves. A gravitational wave can be thought of

as a propagating gravitational fleld. Einstein's field equa-

tions are
- 1/2 R = G T
c

In (7) Rey 1s the Riccl tensor, R is the curvature scalar,
8.y 1s the metric tensor. The & «yare the field variables,
T/wyis the matter stress energy tensor, as before G 1is the
constant of gravitation, ¢ is the speed of light. The objects
R 2y contain the field variables raised to the fourth power.,
These equations are highly monlinear and in the absence of
speclal symmetry contain thousands of terms, when written

out entirely in terms of the Eap° No exact solutions repre-
senting spherical waves without singularities have as yet

been found. Einstein obtained weak field solutions by writing

ay Loy * P (%)
Herejéb,is the lorentz metric, Q/%ois a first order quantity.

The objects dedefined by

£, =h, -1 _ h
7 Y 5 A (9)
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with h the trace of h,. are convenient. To rirst order the

qlaw.q&tisfy

Coap ™ = lgnG T (10)
¢

The set of equatiops (10) are formally the same as those of
electrodynamics, tﬁe matter tensor taking the place of the
Maxwell four current deﬁsity. These equations admit a multi-
polar expansion with quadrupole radiation as the lowest order.

For & mass quadrupole oscillator the radiated power is

P = GI| ‘11)
._4¢1; (

15 ¢
Here P is the radiated power, v 18 the angular velocity, G
and ¢ are as defined earlier. A one meter rod which spins
about an axis normal to its length radiates away about
10=37 watts if it is spun so fast that 1t is on the verge of
breaking up due to the centrifrigal stresses. Known double
stars would b; expected to radiate and would Have a radiative
lifetime of perhaps 1012 years. For these ressons no ser%oua
attempts to detect'é}avitational radiation were begun until

very recently.

Some years ago Weber suggested 9 that the free oscil=

lations of an elastic body would interact with gravitational
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waves and proposed use of the earth? and moon10 for detection.

The absorption cross section was 9 given as

r = 157GIw? , | (12)

8¢

Here -~ is the cross section, I is the quadrupole moment of
the detector, w 1s the angular frequency, ¢ 1s the relaxation
time. For the moon's low frequency modes f~;;'1oo square

meters.

According to Einstein's theory only the normal modes
of equadrupcle symmetry would be excited by gravitional waves.
However some other theories such as the Brans Dicke11 theory

predict mono pole radiations.ll

The free oscillations of the
earth were 1dept;tied after being excited during the great
Chilian eaéthquaké.‘ After the earthquake subsided no r?aidual
excitation of the free oscillations was observed. Recent
U.C.L.A. data has resulted in substantial reduction of the
surface noise level, but no free oscillations have been ob=-
served at other than earthquake periods. The lunar surface
should be free of meteorological and oceanlc disturbances.
The use of the moon as a huge mass quadrupole detector offers
exciting possibilities. Correlation analysis or records ob-
tained simultaneously on the earth and moon would permlt the

unambiguous detection of cosmic sources of gravitational ra=-

diation.. In recent years.very 1ntenéé.sourceé of gravitational
12

radliation such as double neutron stars~“, closely spaced
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13 ¢ 14

.4dwarfs and quasistellar radio sources have been proposed.

INSTRUMENTATION

The observatiohs of the lunar tides, search for free
oscillations, and the use of the moon as a detector of gravie-
tational waves can all be accomplished by telemeterilng back
readings of lunar surface gravity made with a sensitive gravi=

meter.

Earth tide gravity meters of the La Coate Romberg type
have performance whilch would make them suitable if drift were
further reduced and certain anomalies of the servosystem were

removed, Their present weight, power consumption and en- '

vironmental temperature tolerance were not intended for
lunar applications, but redesign to meet the needs of the lunar
investigations appears feasible and is being actively carried

out by us.

We anticipate that our completed instrument will welgh
leas than thirty pounds, and will occupy a volume less than
one cubic foot. Automatic leveling will be provided. A
continuous power consumption of less than 5 watts and an
intermittent power consumption of less than 15 watts at
30% duty cycle will be required. The channed capacity seguired to

telemeter back information on the setting of a coarse screw,
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the free servo system voltage, and the instrument temperature
will not exéped one bit per second, A long lifetime is essen-

tial and we require at least two months continuous records.

The most difficult problem appears to be maintenance
of a relatively low temperature. If the,lunér surface is
covered with dust the gravimeter could be buried, thus
simplifying its‘temperature control, We feel that“the
astronaut will probably have more than enough to do and that
asking him to erect a metal foll radiation shield 1s more

reasonable than having him dig or drill a hole.

' Simultaneous monitoring of the free oscillations of -
the earth will be carried on at installations at U,C.L.A.

and the University of Maryland.
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MAGNETIC MEASUREMENTS IN THE APOLLO PROGRAM

Measurements of magnetic fields and related phenomena
in the lunar environment form obvious subjects'for investiga-
tion in the exploration of the Moon. The lunar magnetic field
strength is estimated to be small on the basis of a field ori-
gin similar to that of the Earth's in which a dynamo system
of electrical currents circulates in a fluid core. The aver-
age low density of the Moon precludes all reasonable possi-
bility for such a mechanism. Any present day magnetic field
which exists may be related to an ancient field at the time
of origin of the Moon or it may be due to the result of the
complex interaction between the Moon and the streaming solar
plasma containing the interplanetary magnetic field. It has
been suggested by Gold (1962) that the finite electrical con-
ductivity of the Moon may provide a '"trapping' mechanism for
acquisition of an effective magnetic field.

Direct measurements by the second Soviet cosmic rocket
Lunik II (Dolginov et al., 1960) indicated the nonexistence
of a lunar magnetic field appreciably larger than the 100 gamma
noise level of the experiment. The solar plasma flow will
compress any lunar magnetic field to a distance at which the
directed pressure of the plasma is balanced by the magnetic
pressure.

Figure 1 illustrates schematically in the noon meridian
plane the case of a streaming solar plasma impacting a dipolar

planetary field (in the absence of an interplanetary magnetic
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field) . Figure 2 presents the results of computations on the

subsolar radius (RC) of the magnetosphere cavity thus formed
for various values of plasma flux and equatorial magnetic

field strengths. It is seen that a lunar magnetic field could
exist which would not have been detected by Lunik II if the
field were compressed by the streaming solar plasma (Neugebauer,
1961) . If such a field configuration exists, it is extremely
important to determine its characteristics. In addition, the
lunar surface characteristics will be dependent upon whether

the solar plasma is capable of directly impacting the lunar
surface or not.

The effect of the interplanetary magnetic field however,

is to lead to a much more complex interaction between the Moon
and the streaming solar plasma, regardless of the existence

of any intrinsic lunar magnetic field. This is because the
presence of the interplanetary field causes the plasma flow

to be "supersonic" in the magnetohydrodynamic sense. Figure 3
jllustrates the dependency of the simplest magnetoacoustic
wave velocity, the Alfvén speed, on magnetic field and solar
plasma values. These parameters have recently been measured
by the Mariner II (Snyder and Neugebauer, 1962) and the IMP-I
(Bridge et al., 1964) spacecrafts. In general the solar plasma
velocity is approximately 600 km/sec with a density of five

to ten p/cm3 and a contained magnetic field of four to seven

gammas (Ness et al., 1964). This indicates a ''super Alfvénic"

flow with a Mach number between five and ten. It leads to .
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the formation of a bow shock wave of the collisionless type
because of the very rarified plasma density. In the case of
the Earth the IMP-I satellite (Ness et al., 1964) has provided
a definitive mapping of both the cavity boundary and the shock
wave location as well as the physical characteristics of these
boundaries (see figure 4). Thus even in the absence of a lunar
magnetic field a complex interaction between the streaming
solar plasma and the lunar body are anticipated because of
these considerations. Indeed experimental evidence for a lunar
magnetohydrodynamic wake in the solar wind has recently been
obtained by the IMP-I satellite (Ness et al., 1964) and is
illustrated in Figure 5.

The most important aspects of the lunar magnetic field
are its spatial and temporal characteristics. In order to
adequately investigate the spatial properties of the lunar
field and the interaction of the solar plasma with the Moon
a mapping by circumlunar satellites is required. Investigation
of transient properties can be begun by measurements at one
point on the lunar surface. At the present time it is sug-
gested that a magnetic observatory be established on the lunar
surface to measure and monitor the vector properties of the
lunar magnetic field, As the exploration of the Moon continues,
it appears reasonable to anticipate the establishment of several
such observing sites at separate locations on the lunar surface.

These additional sites will allow cross correlation of results
between the stations and possibly the determination of subsurface

electrical characteristics of the Moon as they affect fluctuating
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magnetic fields. The bresent state of the art in magnetic
field instrumentation for space applications is well advanced.
A triaxial vector instrument with a dynamic range of several
hundred gammas and a sensitivity of fractions of a gamma with
appropriate analog to digital conversion subsystems is possible
within the weight and power limitations of 3 kilograms and

5 watts respectively.

Such vector information, obtained at perhaps one minute
intervals, would normally be transmitted back automatically
to the Earth for subsequent recording and analysis. It is
important in the establishment of these observatories that

the orientation of the vector instruments be known to within

a few degrees relative to a lunar set of coordinates so that
cross correlations between components will be meaningful.
Directional properties of transient variations associated with
solar terrestrial storm phenomena can be compared with satel-
lite and deep space probe measurements of interplanetary mag—
netic fields as well és terreStrial field variations.

The possibility of returning to the Earth physical samples
of the lunar material may well be one of the most rewarding
aspects of the magnetic measurement program since the ferro-
magnetic properties of lunar rocks create "magnetic memories'"
of past lunar magnetic fields. Experimental work in the general
field of terrestrial paleo-magnetism has indicated that a very
complex situation has existed although an increased ordering

of properties of the ancient Earth's field is now being deduced

(Cox and Doell, 1962).
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The exact sampling procedures to be employed on the
lunar surface are extremely important in the collection of
such physical materials. Fresh samples of unweathered and
physically stable materials are required in order to investi-
gate by both nondestructive and semi-destructive means the
magnetic properties and magnetic history of the lunar rocks.
Shallow drilling to depths of less than a meter as is generally
done on the surface of the Earth, may well be adequate. Within
an areal extent of approximately 5 meters and on the assumption
of a reasonably homogeneous material, no more than three to
five samples of the material are required from any one location.
As many distinct sample sites as possible should be established
on each lunar mission. It is also important that the orienta-
tion of the samples obtained are determined with respect to
a lunar set of coordinates to an accuracy of i.5° as well as
the relative location of the saﬁple sites.

Procedures for obtaining such specimen by the use of
specially developed drilling equipment must be implemented.
The possibility of using the LEM itself as the basic support
structure for the drilling of sample cores must be considered.
The potential removal of loose surficial material by the descent
maneuver rocket's exhaust and logistic problems merit this
approach. At the present time the requirements for a deep
drilling capability (100 meters or greater) does not appear
to be a primary requirement. Subsequent return of fresh samples

or the difficulty in obtaining such samples and their subsequent
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analyses may indicate, however, the necessity for a modifica- .
tion of such sampling procedures. All samples returned are
optimumly drill core specimen of approximately 1" diameter for
the most efficient and direct utilization in the laboratory.

The nondestructive measurements to be made on rock
samples include:

1) Remanent magnetic field

2) Coercive magnetic force spectrum

3. Isothermal remanent magnetism (IRM) induced at a

number of separate field strengths
4) Determination of coercive force spectrum of IRM
5) Magnetic susceptibility and electrical conductivity

6) Anhysteretic remanent magnetic (ARM) properties

7) Determination of coercive force spectrum of ARM

The above measurements do not require the physical de-
struction or deterioration of the rock sample and the material
may always be returned to its original magnetic state since the
changes to the original sample are known.

The following procedures are potentially destructive in
that they may or may not leave the material in a modified con-
dition, although in all possibility only slightly so.

8) Saturation magnetic properties - thermoremanent

magnetic measurements (TRM)

9) If the measurements in (8) indicate no significant

chemical changes have resulted, then a repetition
of the measurements listed above (1-7) are to be ‘

performed
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It is important.that those samples of material for which
the remanent and intrinsic magnetic properties are determined,
also be age dated by some means. With this information and
the interpretation of the remanent magnetism, conclusions about
the lunar history and origin can be deduced. In the return of
the samples to the terrestrial laboratories it is important
that the material not be exposedvto fields stronger than 10
gauss nor exposed to temperature variations beyond a reasonable
upper limit. More importantly, however, they should not be
exposed to variations in temperature beyond a total range of
+ 1o°c. when exposed to fields as large as 10 gauss.

The possibility of directly measuring the electrical
characteristics of the Moon in-situ is a subject for future
consideration. At the present time one of the major problems
for measurements of in-situ electrical properties appears to
be the mechanism for affecting direct electrical contact with
lunar material. Direct utilization of the LEM's support pads
may be one possibilify. Although various electromagnetic geo-
physical prospecting methods exist for determination of rela-
tive terrestrial electrical properties of the very near surface
material it is impossible to propose at this time a simple and
effective measurement procedure which will yield accurate results
on the lunar surface. It is reasonably certain that appropriate
procedures can be developed once the physical properties of
the lunar material are known.

July 14, 1964 ----- Prepared by: Norman F. Ness, Chairman
James Balsley

Richard R. Doell
Victor Vagquier
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Section IX " NBB ; 1867 h

Preliminary Report an Lunar Heat Flow Measurement

Heat flow planning teams

S. P, Clark, Chairman, Yale University

A. H. Lachenbruch, U. S, Geological Survey
R. Von Herzen .

M. G. Langseth




The 1lnternal thermal region of a planet is of fundamen-
tal importance in detérmining lts development. On the earth,
phenomena such as mountain-building, metamorphism, and
igneous activity have thelr origin in deep-seated thermal
processes. The moon 1s believed to be much less active
than the earth as far as these processes are concerned, but
some recent observations have suggested that it 1is not
entirely dead. _Evén the total absence of thermal activity
at the moon's surface would not mean that its thermal region
was uninteresting. The causes of so important a dL{ference

between the earth and the moon merit intensive study}

The quantity, measurable at the surface, which has
proven to give the most useful information about the in-
ternal thermal region of the earth 1s its heat flow. Heat
flow 1s defined as the amount of thermal energy conducted
to the surface and lost to interplanetary space, per unit
area and unit time., This quantity 1s virtually unique among
those accessible to geophysical observation in that it de-
pends not only on the present constitution of a planet but
also on past events extending back to its origin, Hence,
observations of heat flow can set limits on conditions at

the time of the origin of the solar system,

Observations of heat flow cannot be interpretated uniquely,

There 1s uncertainty about the distribution of sources of
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heat, and the relatively long duration of the transient state
in the case of heat conduction introduces additional uncer-
tainty which 1s not present, for example, in the interpreta-
tion of éravity or magnetic data. The heat flow observed
today originates partly in radioactive sources which have
persisted up to the present, and partly in original heat and
extinct radioactivity. There is no way to distinguish heat
from these separate sources. Clearly knowledge of surface
heat flow above'does not permit us to set up a unique ther-
mal history of a planet, but it does force us to discard
large numbers of models which lead to a contradiction with

observation., Experience with models of the earth suggests

that the restrictions on speculation imposed by this single

measurable quantity, the heat flow, are in fact severe,

As an 1llustration of the type of information we may
expect thermal observations to provide, consider the vari-
ation of heat flow with position at the surface of the
earth. Early observations of heat flow on land, coupled with
determinations of the radioactivity of rocks, showed that
a substantial fraction, perhaps half of more, of the measured
flux originated in radioactive decay 1n the continental
crust. It was anticipated that heat flow at sea would be
substantially lower than on land because of the much thinner

crust 1n the oceans. Measurements at sea have shown that
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this 1s emphaticaliy not the case:- the mean flux is nearly
the same as In the continents. This unexpeéted result 1s not
yet fully understood, but it 1s clear that differences in
Efﬁstal heat préduction'beéﬁeen centinents and oceans are
compensated by opposing diffgrences in the mantle., This in
turn shows that“coptinentai feétures perSist, on the average,
ta considerable depths. It is intrigulng to wonder whether
heat flow observations on the lunar highlands and maria will
alsc lead to unexpected and far-reaching conclusions. But the
answer to such a question will_igevitab}y havé to follow the
equally intriguing determination of the average lunar heat flow.
A primary reason for the scientific exploration of the
moon 1s of course that it enables us to double our sample of
the terrestrial planets., But in the case of heat flow there
are speclal reasons why 1t 1s fortunate that the moon is our
nearest nelghbor. They are the result of its small radius. In
the case of the earth, cooling from the surface has affected
the temperatures only to a depth of about 700 km, provided
conduction and radiation are the principal means of heat trans-
fer. Furthermore heat generated by radioactive decay at depths
greater than this makes only & minor contribution to the sur-
face heat flow. lence the earth's surface is thermally insu-
lated from material deeper than roughly 700 km: 4i.e. about
70% of the earth cannot be observed thermally, If the therm#l

properties of the moon are similar to those of the earth, and
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ir thé two bodies are of the same age, we would expect the
moon's surface to be thermally disconnected from only about
20% of the volume of the planet. A measurement of heat flow
on the moon goes much further towards determining the internai
thermal region than does a simllar measurement on the earth.
Hence because of the small lunar radius, a measursment
of lunar heat flow will permit uppér and lower limits to the
content of radioactive elements to be set.  The thermsl meas-
urements detect elements which are present in minor or trace
amounts, and thus complement other techniques, such as seisws
mology, which are sensitive only to major constituents. A

combination of geophysical techniques, including thermal meas-

urement, tan give important clues to the bulk composition of .
the moon, Is it chondritic, does it differ from the chondrites

in ways that we suspect the earth may differ, or does it have
chemical features which are unlike either thé earth or the
chondrites? Answers to these and related Qquestlons can be

found from a carefully planned program of lunar exploration.
Determination of the lunar heat flow 1s an essentlal part of

that program.,
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Proposed Methods of Measurements

Our lack of knowledge 6f the physical nature of the moon's
surface makes it very difficult to select the best measurements
to determine the heat flux from the interior of the moon, and
the thermal properties of the surface material, Astronomical
observations of the radiation from the moon provide us with
estimates of the surface temperatures and thermal properties
averaged over very large areas of the moon, Infrared measure-
ments of the radlation from the surface have shown that the
temperaﬁure fluctuates from 120°Kk to nearly MOOOK during a
28-day lunation, These large surface fluctuations are trans-
ferred downward by both radiative ‘and conductive heat trans-
mission very near the surface and by conduction alone at depth
greater than several centimeters., The variations will be super-
imposed upon the heat flow from the interior. Temperature
gradlent measurements must, therefore, be made at depth where
the varlations are small endugh so that they may be removed
from the temperature observations by measurements over-several
lunations and the application of linear heat-transfer theory.
Observationa of the eooling of the moon's surface during an
eclipse or after the passage of the terminator indicate that
these fluctuations do not penetrate very deep. This implies
that the surface material of the moon is an extremely poor con-
ductor of heat and has a very low heat capacity. It is conjec-
tured from several lines of evidence that the surface material

is largely very fine rock dust.
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Calculations have been made of the subsurface temperature
fluctuations caused by the incldent solar radiation, where one
em of fine dust wlth a conductivity of .3 x 10-60gs overllies
rock with a conductivity of 5.4 x 10’3cgs. The maximum and
minimum temperatures as  a function of dépth are shown 1in Fig. 1.
| Another factor affecting the interpretation of heat flux
at the surface 1s the large diétortion in the near surface
- steady-state temperature field that will occur if windows in
the dust co&er exlist or 1f the cover 1s not of uniform thick-
ness. Some interpretations of the moon's cooling rate during
an eclipse suggest up to B% bare exposures, The disturbance

in subsurface termperature gradlents resulting from the.dif-

ference 1n mean surface temperature between exposed rock and .
dust 1s appreciable to depths of the ‘order of the dilameter of
the exposure., Hence, if exposures exlist, it would be impossible
to determine the true flux of heat from the moon's interior
without penetrating to greater depths than the dlameter of the
exposure. The small percentage of exposure postulated at the
smooth appearance of much of the moon's surface, however,
suggests that large areas of rather uniform dust cover may
exlst,

Another experimental difficulty results from the fact that
the linearized theory of heat conduction cannot be expected to
hold rigorously on the moon. Not only does the thérmal con=

" ductivity vary with temperature, but also mean lunar conditions
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are well below the Debye temperatures «f plausitle lunar
materials. This 1implles a temperature-~dependent specific heat.
In the case of a steady ﬁeriodic perturtation ol temperature,
the linear theory predicts that fhe mean temperature averaged
over one pgriod 1s equal to the unperturbed value, No such
simple result 1is true for the non-linear case, and the unper-
turbed temperature cannct be obtalned without knowledge of the
thermal propertles of the material as functions of teﬁperature.
| In view of the uncertaintles outlined above, 1t is pro-
posed that three simple thermal experiments be emplaced on the
surface of the moon by an astronaut. The object'of these ex-
periments will be to learn as much as possible about the sur-
face heat flux, the surface temperaﬁure fluctuations and their
propagation intb the subsurface, and the thermal propertiles of
lunar surface materials at several locations on the moon's sur-
face. The experiments proposed are: 1) Measure the temperature
and conductivity at three points in a drilled hole 3 to 5 m
below the moon's surface. 2) Measure the temperature as a
function of depth and time 1n the penetrable lunar surface
material in an undisturbed area of the moon's surface. 3) Meas-
ure the temperature as a function of depth and time in the
surface material of the moon beneath an area disturbed by an
insulating blanket and also measure the heat flux through the
blanket as a function of time, Measurements 2) and 3) will

each be carried out at several locations on the moon's surface,.
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I. Drill hole measurements.. If a hole 1s drilled in
hard rock, temperature measurements will be made with a probe
» which can be 1inserted into thé hole after it is drilled. A
two-meter probe is plahned with three temperature~-sensing
elements evenlyAspaced along ité length. These elements must
have high precision for temperature gradients as low as a few
thousandths _C/m may represent the total heat flux from the
interior. We must measure this gradlient to an accuracy of
about O.OOIOC/m. Thermal elements consisting of small “quartz
oscillators appear to be best suited to this application.

In situ measurements of thé thermal cbnductivity can be

made by the translent method usling the same probe.' A known

amount of heat 1s introduced near one of the sensors, and the
conductivity and diffusivity of the rock are determined from
the rates of heating and coollng. uThe amount of heat intro-
duced 1s small so that the ambiént temperature values of these
quantities are found.

II. Measurement of temperatures as a function of depth

and time in the penetrakle lunar surface material, For this

experiment strings of thermal sensbrs on a probe, spaced

roughly five cm apart, will be driven by hand into the pene-
trable lunar surface material. It 1s planned to make the probes
50 cm long with 11 sensors per probe. The probes will be made
so that the sensors willl be left in the hole after insertlon

and the probe retracted. Should it be impossible to penetrate .
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the full 50 cm, the elements remaining out of the hole will

be laid along the surface. These sensor strings will be placed
in four locations on the lunar surface,

| From these temperature meaeunements it wil]l be possible

to defermineithe damping of the_surface temperature fluctua-
tion, the radiative component of heat transfer in the upper
material, and the material's effective diffusivity. These
measurements will not only be of value in interpreting the heat
flow results, but will greatly aid in the analysis of micro-
wave and infrared measurements of-junar surface radiation.made
from Earth or;from a spacecraft,

III., The measurement of temperature as a function of
gepth and time in the surface materlal of the moon beneath

ahvareg disturbed by an insulating blanket, A string of

temperature elements as described above will also be used to

measure temperature:beneath a circular blanket of poorly

conducting material (K = 107

cal/cm sec®C or about 1/10 the

- estimated cohductivity for lunar dust). The blankets will

be 1/2 m in diameter and one or two cm thick., Materlals with
conductivities of about 10'7cg§ are already belng made for
the storage of cryogenic fluidy, Two strings of temperature
sensors will be driven vertically into the lunar surface
beneath the blanket, one at the center of the blanket and the

other halfway between the center and the edge. Temperature

elements will also be placed inside the blanket to measure the

iy




gradient and hence the heat flux, since the thermal properties
of the blanket material will be well known. The arrangement
propésed is shown in a sketch in Fig. 2. When the blanket

is emplaced on the surface;‘it willl cause a large disturbance
of the flux, Measurements of-the flux through the blanket and
the temperature at several pointsrbeneath the blanket as a
function of time allow the determination of the conductivity
of the surface material. This combined with diffusivity meas-
urements defines thermal properties of the surface material
completely. If the surface of the moon proves to be covered
by a uniform dust layer, then it 1is possible to determine

steady-state flux from the moon's lnterior by this technique,

It is proposed to put this experiment at sevefal~different
locations on the moon's surface so that lateral variatlions of
heat flux will be detected if present.

All the above experiments will be emplaced on the moon
and left to transmit temperatures of the various sensors back
to Earth for at least one year. It would be extremely valuable
to obtain measurements periodically two, three, and five years
after the experiment is started. This long-term sampling
appears completely feasible with the power supply now planned
for the Apollo passive experiments,

During the first year, the temperature at all elements
will be.sampled as often as once every three hours. This fast

repetition rate 1s not necessary during a large part of the
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experiment, but will be extremely useful during periods of
rapld surface témperqture vériation such as the passage of
terminatof or a lunar eclipse,
Résearch Proposal

‘It is convenient to classfy lines of further research in
onerf the foilowing categories: hardware development, math-
ematical studies of'feasibility or expected accuracy, and
experiments to be_cqnducted on lunar missions.preceding
Apollo. . Included in the second category would be problems
of data\reduction° It 1s anticipated that this work will be
done by the scientiflc team and by personnel of the Manned
Sp;secraft Center.

A, Hardware development,

l. Temperature sensors -”The 1arge surface fluctuations
and their rapid attentlion with depth require that temperature
elements of dirfefent sensitivity be used at different depths
below the Surface; At the surface, low,sensifivity elements
suéh as platinum or copper wire resistance thermometers are
suitable; at greater depth thermfistors can be used; at still
greater depths very precise elements such as oscillating
quartz crystals are required. The selection, calibration,
and testing of the thermal elements will be done by the sci-
entific team,

2. Selection of blanket material and measurement of

its properties will be done by the scientific team.
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3. Detection circuits for the reslstence thermometers
and thermistors consist of self-nulling bridge networks of
the Carey-Foster type. Each sensor wlll be placed in the net-
work sequentially by a precision selector switch., The out-
put of such a detecting unit can be analog or digital. Detec-
tion of the'crystal thermometer frequency can be direct 1if
FM telemetering 1is used, or 1if analog or digital telemetering
‘is used, a discriminator circuit 1s required. The development
of this equipment will be done largely by the Manned Space-
‘craft Center personnel 1in close cooperation wlth the sclentific
team,

i, The required telemetry for all passive experiments
is being provided by Houston personnel.,

B. Mathematical studies.

4 principal interest will be various cases of non-linear
heat flow in heterogeneous media. Few exact solutions arew
avallable and recourse must be had to numerical and analog
methods in almost all cases. Access to digital and analog
computers is required; 1t can be provided by members of the
sclentific team. The purpose of the studles will be to de-
termine the winimur: depth of holevthat. wiidl-be!usable ifya
deep~hole method is possible and the accuracy and errors to
be expected in the other experliments. Procedures of data

reduction will emerge as natural consequences of these studies.
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C. Experiments for lunar missionsfgrecedigg Apollo,

Measurements of infrared and microwave radiation from
the moon's surface with a resolution of a few m to one km
will be extremely_yalughig to qéterminetthe:degnge of heter-
ogenelty of the thermal propeftias*of~the-lundr'gurfaée.
Such Aeasurehents‘may be made by visible and infrared photo-
graphy at relatively short range and by scans with 1nf£ared
and microané.detecyors near terminator and on the dark side
‘of the moon. &hese cquld'bé“éone from a close=in lunaf
orbiter. It Wwould aiso be eitremely useful to have the surface
temperature experiment reinstated on the Surveyor rlights.
Such data will also be of great value to preliminary geoi-

oéical surveys ©of the moon.
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VERY ROUGH BUDGET

Estimates 1n thousands of dollars are given in parenthese

following the 1tems,

1,
2.

Computer time, (10)

Selectlion of blanket material., Includes small vacuum
facility and assoclated instrumentation for determina-
tion of thermal properties, (10)

Selection end calibration of temperature sensors., (20)
Devices for emplacement of sensors in hole and meas-
urement of thermal conductivity, (10)

Travel. (5 per year) |

Salaries., Part-time salaries for members of the sci-
entific team and salaries of technical personnel.

(30 per year)

LA
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Figure 2
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Diagram showing measurement of temperature as &’ -

. function of depth using an inmsulating blanket.
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REPORT OF THE BIOSCIENCES—PLANNING TEAM

The Biosciences Panel of the Apollo Sclences Team ig here-

with tr}psmd ting .the resulfs of 1€s sevéral méetings. The
these nfeetings was held at NASA Headquarters in .

- Washington, D. C., on June 1, 1964, Several other meetings of
the Panel were also held on thc occasion of the’Manned Lunar
Exploration Symposium at Houston, Texas, June 15-17, 1964,
During that Symposium, Panel members also met with members of
other Apollo scientific panels, in particular with the Geochem=-
istry and Minerology-Petrography Panels., Discussions were also
held with members of the Staff of the Manned Space Center,

- "The maln concerns of the Blosclences Panel were: minimiza-
tion of ‘biological contamination of the mooh and of possible
back contamination of the Eaurth, astronaut training, sample col-
lection, laboratory faciiities at ‘the Manned Space Center for
the initlal examination of lunar’ samples, the search for the
existence of viable organisms on the moén, and the search for
lunar organic compounds. These concerns are outlined in he
Table of Contents on the next pageov‘

All documents referred to in this report that have to do
with biological filters and laboratory enclosures have already
been sent to the MSC Staff in Houston (Dr.-Elliott Harris of.
the Crew Systems Division).,

ES
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MINIMIZATION OF BIOLOGICAL CONTAMINATION OF THE MOON ;

There has long been general agreement that any introduction
of microorganisms from the Earth onto the moon should be avoided
as far as possible, Such an introduction will make more diffi-.
cult; both now and in the future, investigations into whether
the lunar environment does now, or ever did, harbor viable or-
ganisms, Consequently, this first section of the Panel's report
summarizes its recommendations designed to minimize biological
contamination of the moon.

l, The LEM

We believe that the outside of the lunar excursion module
presents no particular problem. Some bacteria on the outside
will undoubtedly survive the trip to the moon. However, be-
cause there 1s no lunar atmosphere, there would be no mechan-
isms to transport bacteria away from the vehlcle during the
LEM's sojJour on the moon,

The principal source of Earth bacteria would be the LEM's
atmosphere, We strongly advise that, on arrival on the moon,
the atmosphere within the LEM should be vented through an
ultra high efficiency biological filter (see "Air Filtration of
Microbial Particles", Public Health Service Publication No. 956,
June 1962). These filters have an internal flow resistance of
only 2 mm Hg (1 inch of water), a particle (1-5 microns)_reten-
tion greater Shan 99.99%, and a capacity of about 400 £t3 per
minute per fg of filter area. Since the LEM has a volume of
about 220 ft2, an ultra high efficiency blologlcal filter should
allow the complete venting of the LEM in a few minutes, at
most. Just how many mlnutes this would be depends, of course,
on the size of the filter that could be placed in the LEM's
vent(s). It is our understanding that members of the Micro-
blology, Biochemistry, and Hygiene Section at MSC are now
determining what 1s the largest area of blological filter that
could be installed on the LEM.

The suggested filter should prevent the escape from the
LEM of any viable microorganisms and particulate chemical con-
taminants (the latter of great importance to the organic geo-
chemists). When the LEM 1is opened after vacuum has been reached
there will be no fluid medium to convey contamination to the
lunar surface., Bacteria remaining inside the LEM should stay
there, except for those carried by the astronauts themselves,
on their space suits, and on their equipment. These problems
are considered below. However, the Biosciences Panel would
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like to emphasize here that it feels that the major source of
biological contamination from the Earth would come from the
LEM's atmosphere, and that this contamination could be effi=-
clently controlled through the installation of the recommended
filters.

Another possibly serious source of biologlical contamina=-
tion of the moon would be the bacteria present in the solid
retrorocket fuel, It 1is quite likely that a significant frac-
tion of the bacterla present in the hydrazine. and dimethylhy-
drazine would survive the burning of the fuel. One can imagine
small pieces of the organic material being blown out the rocket
nozzle and escaping combustion. Consequently, a bacterilal
examination should be made of the fuel, Furthermore, a measure-
ment should be made of the fraction of the bacteria that sur-
vive the fuel ignition., This measurement could be made at the
same time as the search for organic impurities that 1s referred
to on p. 16 of this report.

2. Astronauts' Sults

~If the LEM 1is vented through a biological filter, the next
major source of contamination would be the leakage through the
astronauts' sults. The atmosphere within the suits will, of
course, contain microorganisms and probably chemical aerosol
contaminants, e.g., dried sputum, We have been informed that
the current model of the space suilt leaks about 200 cc of air
per minute, and that it is unllikely that much can be done to
reduce this rate of leakage. What is not known, however, is
how much bacterial leakage would also emerge from the space
suit. We recommend that the amount of this leakage be determined.
This can be done using harmless bacteria and following the pro-
cedures given in the "Air Filtration . . ." monograph referred
to above. Dr. Charles R. Phillips, Chief, Physical Defense
Division, U. S. Army Blological Laboratories, Fort Detrick,
Md., and a member of this Panel, has offered his advice to the
MSC Staff on blological-leakage test procedures for the space
suits,

Althcugh we bellieve that the rate of bacterial leakage
from the space suits should be known, we do not think that this
leakage will present any serious problem., Such contamination
as 1s occasioned by such leakage cannot travel very far from
the spot where the astronaut is standing because of the lack
of atmosphere to supply a transport medium. In addition,
we understand that the astronauts will don protective alum-

inized-fabric overgarments over their space suits. If these
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overgarments are kept clean and sterile, introduction of bacter-
ial contamination onto the moon should be that much further
reduced. We recommend that, before the astronauts leave the
LEM, the outer surfaces of the overgarments (or of the space
suits themselves if overgarments are not used) be disinfected
with .a damp cloth or sponge containing a bactericide such as
hypochlorite, This particular tactericide would probably in-
terfere with contemplated measurements (by the geochemists) of
chlorine isotope-ratios; if so, doubtless another satisfactory
disinfectant can be found. A second suggestion for disin-
fecting is to use the considerable ultraviolet light in the
lunar sunshine,

The problem of the outgassing of the suits is considered
on p. 17.

3. Sclentific and General Equipment

The sclentific instruments and general equipment used on
the lunar surface will be stored on the LEM in equipment bayso
All such equipment should be blologically decontaminated when
the bays are finally closed before the launching from the :
Earth., We suggest that ethylene oxide be used for this pur-
pose, This compound is an effective disinfectant and is the
least lilable either to cause damage to any instruments or to
leave any residue that would be objectionable in the search
for organic compounds on the moon,

MINIMIZATION OF POSSIBLE BACK CONTAMINATION TO EARTH

We consider very small the probability that any viable
microorganisms will be found on the moon--and smaller still
the chance that, if they do exist, they will be dangerous. .
One factor that tends to support this feeling is that the Earth
apparently has been steadlly recelving lunar material (possibly
the tektites) resulting from the impact of meteorites nn the
moon, However, the problem with which we would be faced if
lunar organisms pathogenic to animal or plant life were brought
back and escaped could be so catastrophic that it cannot be
ignored; even though 1ts probability be conéidered very. low.,
The following sections outline this Panel‘’s recommendations for
minimizing back contamination to the Earth.

1. The Returning Command Module and Equipment

The exterior of the uOﬂﬂu“d Model (CM) ought to be essen-
tially free of organisms and should require no treatment,
However, all the equipment and sample packages==in fact, every-
thing that comes out of the CM-=-should be considered. as
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possible vehicles for lunar pathogens. Neglecting, for the
moment, the problem of the astronauts themselves (see section
below) we feel that it would be advisable at least to wipe off,
perhaps with dilute hypochlorite solution, all the outside
surfaces of objects as they are being removed from the CM,

After all objects of value are removed, the interior of the
module could be decontaminated with one of the standard vapor=-
phase bactericides such as ethylene oxlde, B-propiolactone, or
peracetic acid.

2. Consglderations of Quarantine

The most likely source of lunar pathogens, if indeed any
exist, would be the astronauts themselves., Lunar organisms,
even 1f not inherently pathogenic, could, acting in conjunction
with terrestrial organisms in the nose and throcat of an astron-
aut, produce disease, Since such a symbiotic relationship
would depend on the organisms normally found in the respiratory
flora of different persons, one could equally conceive that,
while the astronauts themselves might not possess the proper
combination for activation of lunar organisms, they could in
theory transmit such organisms to other persons whose casal
flora did contaln sultable aymbiotics., Under such circumstances,
one would have to consider that any illness occurring within
the astronauts within a few weeks after return==or among persons
in assoclation with the astronautse=-would have to bz thought of
as potentially significant and therefore subject to strict iso-
lation.

There 1s also the question of scientists whose studies may
necessitate some direct contact with the lunar samples soon
after the samples are brought to Houston. It is this Panel®s
hope and expectation that no such contact will be necessary.

The sclentific work that needs to be done quickly, before such
time (2-3 weeks) as we can be reasonabiy sure that no pathogens
are present, can all be done, we belleve, behind biological
barriers, (Reports on the specifications, commercial availabil-
ity, and constructional detalis of such barriers have already
been sent to Dr. Elliott Harris at the MSC.,} The other scien-
tlfic panels have already indicated to us that the studies

th~* need to be done immediately on &arrival of the lunar samples
av Houston (e.g., x-ray spectroscopy of the radioactive isotopes,
mass spectrometry of volatile material can indeed be done behind
the biological barriers. However, if it develops that some

early study should be done that cannot use the bacteriological
cabinets, and that a scientist will be exposed, then quarantine
of that sclentist should be conaidered,
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The whole question of the possible return of lunar patho-
gens is really a public health matter, and, for that reason,
the Blosclences Panel feels that further expert advice and
opinion should be sought., It is our feeling that 1t is our
responsibility to state that a problem exists, but not neces-
sarlly to make recommendations as to how it can be circumvented,
Further, we understand that the Space Science Board of the
National Academy of Science-National Research Council is cone
vening, at NASA's request, a ‘conference on this subject at
Washington on July 29-30 of this year. We hope that this
conference will be able to make firm recommendations on the
public health aspects of possible lunar pathogens.,

3. Astronaut Trainigg

K4

The astronauts are already receliving extensive training in
geology and other earth sciences. This should be extended to
include microbiological training as well. This training could
be gilven by the miecrobiologist who 1is Joining the MSC Staff,
Dr. Elmo Dooley. The instruction should emphasize methods of
- collecting and handling samples under aseptic conditions, and
should demonstrate how easlly sterile material can become
contamlinated with a person’s own microbiological flora. The
astronauts should be shown the common laboratory demonstration
of bacterilal transfer, such as that effected by placing one's
finger on, or coughing over, an open petri dish. They should
also practice handling and transferring sterile material, and
demonstrate that they can do this without contamination,
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SAMPLE CCOLLECTION AND BACKAGING

1. Saﬁgles for Microbiological Examination

Lunar microorgarisms, if they are to be found at all, are
most likely to occur in finely divided materiel collected either
at some depth below the surface, or on the surface at sites
where no direct exposure to the Sun's rays ever occurs. Samples
should be small (a few grams each are sufficlent), separately
packaged, and accompanied by a description of the type of locale
from which they were taken. The more individual samples that °
are collected, the greater will be the chance of finding any
organisms. The sampling equipment and containers (see sections
3 and 4 below) should be clean and Sterile., Efforts should
be made to keep the samples cool (preferably velow 35° C) all
the time from collection to delivery to the MSC laboratories,

2. Samples for Organic-compoﬁnd Search‘and Identification

The organic chemists, unlike the microbiologists, will
need large samples. They will be searching for organic com=-
pounds that will exlst in, probably, no more than the parts-
per-million range, or even parts-per-billion. Thus, samples
for the organlc chemists should be at least 500-1000 grams in
size. It 1s also obvious that the more such l-kg., samples the
organic chemists had, from different locales, the greater would
be their chances of finding lunar organic compounds. It may be
that more than one 1l-kg. sample could be provided to the organic
chemists by their sharing at least one sample with the petro-
graphers. Assuming that a sample of lunar material-is already
a powder, and thus doesn't need further grindin% or crushing,
‘the organic chemists will wish only to do a series of organic
solvent and aqueous extractions. The great mass of remaining
(and essentially uncharged) minerals can then be used by the
petrographers for their examinations. Dr. C. Frondel of the
Minerology-Petrography Panel indicated at the Houston meeting
that such a procedure would be acceptalbe for at least part of
the material for which that Panel is planning experiments.
wrrangements for multiple-use of the lunar samples 1s highly
«esirable. It should be quite feasible for the organic chemists
to do their extractions and then give the material to other
sclentlists for whose work the simple extractions would not
interfere.

Like the biologists, the organic chemists would prefer
sub-surface:- samples. Samples taken from the lunar surface, even
from sun-shaded locales, will be of far less interest. The
further one goes below the lunar surface (assuming the dust-
layer mcde’) the older the material should be and the more pro=- ‘
tected from cosmic ray effects. The organic chemists would,
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also like the bilologists, prefer to have their samples packaged
separately and accompanied by a description of the locale
(appearance of the surface material, how far below surface the
sample was taken, relation to position of the LEM).

3. Sampling Devices

The best way to collect samples may not be known until the
"Surveyor" missions have provided us with a good knowledge of
the character of the lunar surface where Apollo landing(s)
will be made. However, it seems best at this time to make ten-
tative plans for sample taking from both a surface that is (a)
thick dust or finely divided material and (b) solid rock. 1In
the case of (a), the device shown by Dr. Shoemaker of the
Geology Panel, at the Houston Symposium, the highly-modified
"Jacob's staff", should be suitable to enable the astronauts to
reach down and take samples from as deep a position as possible
in the "dust" layer. However, this device needs alteration to
permit the gathering of small (1-10 gram) as well as large
(1 kg.) samples. Of course, the sample scoop must be completely
sterile and completely free of organic compounds.

If case (b) holds and the LEM sits down on solid rock,
some kind of a drill or "coring" device will be .necessary.
It 1s our understanding that NASA now has such & device under
development, but that it 1is expected to be too heavy to go on
the first Apollc manned lunar landing. If that 1s true, and.
if the first landing will be on solid rock, we ¢an cnly recom=-
mend that the astronauts be provided with some sort of pick-ande
shovel combination that may enable them to chip off a few inches.
of the upper surface and bring back at least a few chunks of
the underlying material, Again, any such devices used on the
moon must be clean and sterile,

y, Sample Containers

This ig a subject that Is of very great interest to all the
sclentific panels, but it is also one on whlch conslderable -
agreement was reached at the Houston meeting. 1In common with
the other panels, the Biosclences Panel strongly recommends that
the sample packages be made of metal (aluminum appears to be
a very good choice), that they be gas-tight, and that their
sealing be accomplished on the simple repressurizing of the
LEM. We recommend that the aluminum containers be equipped
with indium-wire or gold-wire seals. Such seals are in use in
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the laborstories of A. Tousimis (George Washington University)
and J. R, Cuthill (Natlonal Bureau of Standards). Since the
sample storage compartment in the LEM will be a rectangular
parallelepiped, the individual aluminum containers should be
of the same, or cubic, shape, The container "boxes" would
have the indium-wire around the top edges with, of course,
detached tops, After the astronaut had placed a sample in the
"box", the top would then be laid on the indium strip. On
return to the LEM and repressurization of the module, the
aluminum-indium would form a tight seal. Again we repeat the
obvious: the containers must be clean and

sterile, p

It would be of considerable value 1if, after the aluminum
containers were placed in the LEM's storage compartment, the
compartment could be pressurized up to 1 atmosphere with a
cylinder of carefully-purified nitrogen. In this way no oxygen,
water, bacteria, etc, could reach the samples even 1if one or
more sample contalners had, or developed, a leak. The 2=eublc
foet sample storage compartment could, of .course, be pres-
surized to 1 atmosphere with a very small, "Lecture-sizea"
cylinder of gas.

One of the samples should be placed in a sealed metal con=
tainer that will permit mass spectrometric examination of any
volatile material that might diffuse out durdng transit.-

Dr. P. Gast of the Geochemistry Panel is in charge of the
arrangements for the initial mass spectrometric examinatlon in
Houston, and our Panel (Dr. K. Biemann) will collaborate with
him so a search can be made for both organic and inorganic
volatile compounds. At any rate, the sample container whose
content is to be analyzed should be opened directly into the
mass spectrometer while the spectrum is continuously scanned.
For this, some way of connecting the sample-container and spec-
trometer has to be designed. This could be either a flange
permanently attached to the sample-container (which would, how-
ever, increase its weight and require the astronaut to decide
which particular sample to place in the flanged container) or
ir. the incorporation of a large vacuum lock in the design of
"..¢ spectrometer. The sample-container could then be put into
thils lock, lock pumped down, lock opened to the spectrometer,
and the sample-container punctured (using a bellows-operated
steel pin) after the background spectrum became negligible,
Devices of thils kind should present no engineering problem,




5. Seismology Charges and Retrorocket Fuel

Some of the planned seismology experiments will require
the setting off of small explosive charges on the moon. Such
charges would make very insecure the organic chemists® search
for lunar organic compounds. The solution here is simple:
the astronauts should be instructed to set off the charges
only after the samples for the organic chemists have been
collected and safely stored in the LEM,

Much more serious is the problem of the LEM's retrorocket
fuel, On its lunar landing, the LEM’s motors will burn about
4000 1lbs. of a N,Oy-hydrazine-unsymmetrical dimethylhydrazine
mixture. For the organic chemists and their search for traces
of lunar organic compounds, this i1s a serious situation., It
emphasizes the necessity ©f sub-surface samples, It also
means that the astronauts should take, for the organic chemists,
samples as far away from the landing site as possible, 1In
addition, if, on landing, the LEM approaches the lunar surface
tangentially (as opposed to straight down), the samples should
be collected away from the LEM in the direction opposite to
the approach path,

Regarding the retrorocket fuel, we strongly recommend that
a study be made both of the trace organic impurities in the
fuel and of the combustion products formed when the N,Oy=
dimethylhydrazine mixture is burned in vacuum. It waulg be
particularly valuable if such studies could be made in the
presence of the kinds of minerals expected on the lunar surface.
The organic chemists will need to know more than the obvious
volatile combustion products (Co,, CO, H,0, N», Ho, NO, etcosa
They will need to know what higher molecular-weight organic
compounds are present or formed, including those that are formed
in minute percentage yields (down to at least 0.01%). Since
gae chromatography wili be one of the organic chemists' chief
tools in searching for lunar organic compounds, it should be
used in the search for the organic products of the
dimethylhydrazine oxidation. In addition, at the time of launch-
ing of the Apollo spacecraft, a sample (a few pounds) of both
the N,0y and the dimethylhydrazine used for the LEM should be
saved. Then, when the lunar samples are back on Earth, 1if the
organic chemists find evidence for a compound (e.g., in the
mass spectrum or GLC trace) as yet unreported as a N Oy=-
dimethylhydrazine product, they still may have the cfiance of
ruling out the rocket fuel as the source of the compound.



From the organlc chemists’ viewpolnt, one excellent way
around the retrorocket fuel problem would be to use perdemtero
dimethylydrazine (with all hydrogen atoms replaced by detiterium),
We believe, however, that other scientific groups that are in- -
terested in lunar isotopic ratios would object to this.  'This
idea might be kept in mind for a ‘later Apollo manned landing
if (a) no further isotopic ratios (H/D ratios, at least) were
to be determined and (b) the organic analysis falled to settle
clearly whether a particular compound was lunar-indigenous or
came from the retrorocket fuel burning. -

6. Outgassing of the Space Suits

P

Another matter of concern to the organic chemis®s is the
possible outgassing of the astronauts' suits during.the sample-
collecting trips from the LEM., This might lead to troublesome
chemical contamination of the samples. It 1s, therefore, our
recommendation that a thorough study be made of the volatile
compounds that escape from the space-sult-materials uiider the
lunar temperature and pressure conditions. It is particularly
important that gas chromatographic and mass spectrophotometric
records be made of such volatile compounds, Furthermore, such
records should be gotten 1in consultation with, or under the
supervision of, the scientists who will be examining the ree
turned lunar samplegs for volatile organic compounds. -

If studies of the outgassing of the suits indicated severe
organic-compound contamination, we would hope that the possie’
bility would be considered of substituting material of ex-
tremely low vapor pressure (metals, metal bellows) in the con-
structlion of the space sults. We realize, of course, that ;
the technical problem here may be quite insurmountable, and we - i
ralse this point only with respect to what the organic chemists
might consider to be "ideal™ sample collecting conditions. :

7. Summary of Sampling Recommendations

It is perhaps worthwhile to summarige here the Bioseiences
‘wiel's recommendations regarding sample types, collection,
;ackaging and transport. In response to the suggestion made
by Dr. Verne C. Fryklund, Program Manager for the Apollo
Sclence Program, we will designate our recommendations as
ideal (I), acceptable (A), and minimum (M),
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a. Number and amounts of samples: v
(I) ‘Many l-gram samples of finely divided material

eollected from different locations (all from sub=surface

and permanently shaded spots) plus several sub-surface
500 g-1 kg. samples, {(A) Several l-gram samples and
one or two larger samples, collected as above. (M)
Anything in any form the astronauts can bring back,

b. Sample collection:

(I and A) Sample material should be collected oniy
with instruments that are sterile and completely free of
detectable organic compounds., The locale from whence the
sample was taken should be Tecorded on the container.

(M) Samples picked up in any fashion the astronauts can
devise,

c. Sample containers:

(I) Hermetically-sealed, metal, clean-and-sterile
containers; contalners placed in inert gas-pressurized
storage compartment on the LEM, (A) Samples placed
in individual, clean, and sterile plastic containers
(preferably Teflon). (M) Samples placed in anything the
astronauts can find available.

d., Sample transport:

(I and A) The samples should be kept cool (preferably
not above 35° C) after collections. (M) Anything the
astronauts bring back, regardless of what it 1s subjected
to on the return trip, will be scientifically valuable,

04
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THE HOUSTON LABORATORIES

The Blosciences Panel's concern with the facilities at MSC
at the time of the return of the lunar samples has been to
assure that the 1nitial investigations carried on there can
be done under conditions of good biological control. Most of
all we wish to make sure that the search for possible lunar
organisms may be carried on under conditions where contamina-
tion by terrestrial organisms 1s highly unlikely. Our second
consideration 1s to minimize any exposure of investigators at
MSC to possible lunar pathogens. Both of these objectives may
be achieved through the use of the sort of "biolegical barriers"
that are now belng used at the U. S. Army's Biological Labora-
tores at Fort Detrick, Md. Information which will enable the
MSC Staff to begin planning the erection of these barriers at
the Houston ingtallation has already been sent from
Dr. Charles Phillip= of thils Panel to Dr. Elliott Harris at
MSC. We recommend that sample contalners not be opened until
they are within the complete isolation unit at MSC, and after
their outer surfaces have been thoroughly cleaned and steri-
lized. Here both the 1in vitro and in vivo biological tests
should be done, as well as the scientiTlc investigations
(Y-ray spectroscopy and mass spectrometry) that cannot wait
for the results of the tests for pathogens. As far as we are
aware, no initial investigation at MSC is belng planned by any
sclentiflc panel that could not be carried out inslde the bac~
terlological barriers.

We wlll repeat here what we sald in an earlier report,
namely, that the MSC sterile-laboratory facilitles be in
charge of an experienced microbiologist who would supervise
-the 1nitial handling of the lunar samples. His Jjudgments should
be backed up by an outslde advisory panel of microbiologists.,

Finally, when the samples arrive at MSC there should be a
clear authority set up that willl designate which samples may
be 2lloted to designated investigators, There should be no
ccifuslion at that time regarding the handling and disposal
o~ .umples.




The Biosclences Panel has spent a considerable fraction
of its time 1n planning the types of investigations that 1t
believes should be undertaken on the lunar samples. These in-
vestigations are of two broad types: (1) the search for the
exlstence of viable organisms on the moon and (2) the search
for lunar organic compounds. In some respects, these two
searches overlap each other, and this should be kept in mind in
reading the suggestions that rfollow, Furthermore, this panel
feels that it can only suggest, or outline, the sort of experi-
ments that should be done on the lunar samples. Between now
and the time the samples are available, equipment and tech-
niques will change. Equipment that today seems best for cer-
tain analysis will be quite obsolete by the end of the decade.
The same conslderations apply to -investigators and laboratories.
The best laboratories for the accomplishment of certain tasks
today may not be the best by 1970. Consequently, final selec-
tions cof research groups to carry out specific investigations
should be left for the future,

1. Search for Viable Lunar'OrganisEs

There is really no omne-on our present panel to plan in
detall the exact media and techniques to be used in the biolo=
gilcal tests for viable lunar microorganisms., The Panel expects
to expand 1ts membership to include microbiologists to plan
this search. In any event, it appears that these details can
be planned later, The simple culture media, microscopes,
etc. can be accommodated easily behind known, and even commer-
clally-available, bacteriological enclosures. Consequently,
there should be no difficulty in arranging for this work to be
carried out at the MSC.

Another method that we recommend for the search for lunar
organisms, whether viable or not, is the use of the eleztron
probe X-ray microanalyzer. This method 1s not destructive and
thus will permit re-use of a sample for other analytical pro=-
cedures. There would be no hurry about the use of this tech=-
nique, and the work need not be done in Houston. However, the
biological entities in the lunar samples, Already, electron
probe microanalyzers have succeeded in locating bacter‘a when
both biological and optical methods have failed (A. Tousimis,
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2. The Search for Lunar Organic Comgoungs

a. Mass sgectrometrx - There is only one technique in this
area of interes at should be applied at MSC rather quickly
after the lunar samples are brought there, i.e,, while the search

for pathogens 1is still active, This is an investigation the
results of which would be of interest both to the geochemists

‘and to the organic chemists, namely, the mass spectroscopic

investigation of the nature of any volatile compounds appearing
from the lunar samples. Dr. P, Gast of the Geochemistry Panel
is in charge of arranging for these measurements, and the
Blosciences Panel (through Dr., K. Biemann) will keep in touch
with him, The geochemistry requirement would ke a simple
‘high-sensitlvity mass spectrometer that permits scanning the:
spectrum up to xenon, 1,e.,, to mass 149 or thereaboutse=a
sultable example is A, O, Nier's 2-inch radius, double~focusing
dnstrument at the University of Minnesota, No accurate isotope
ratio measurements are planned by the geochemists for the pre=
liminary examinations at the MSC, Such a spectrometer would
fit the organlc chemists’ requirements well, except that we
might wish to extend the mass ‘range a 1ittle, such as up to
mass 200. For this purpose we will look into the possibility
of using an "Omegatron", which is a synchrotron-type instrument
at present widely used in the analysis of residual gases in
vacuum tubes. Whatever mass spectrometer is acquired for threse
experiments should not be used beforehand for anything else

(1t should have the lowest possible background) except for test=
ing and model experiments. As was mentioned earlier in this
report under "Sample Containers", the sample containep should
be one that can be opened directly into the mass spectrometer.

The mass spectrometer will also play an important role in
the general search for any organic compound, non-volatile as
well as volatile, that may be found in the lunar samples. It
has already played an important part in the analysis of life-
implicated organic compounds from pre=-Cambrian rocks (G. Eglin-
ton, et,al,, Science 145, 000 (1964); W. G. Meinschein,

E. S, Barghoorn, and J., W, Schopf, Science 145, 000 (1964);
b~th these papers are scheduled to appear in July or August).

b. Chromatography and spectrophotometry. There is already
a considerable II%eraEure on Eﬁe analysis ol carbcnaceous chon-
drites (meteorites) by a varlety of chromatographic and spec~-
trophotometric techniques (see, for example, "Organic Consti-
tuents ol the Carbonaceous Chondrites", M. H. Briggs and
G. Mamikunian, Space Sci. Rev, 1, 647 (1963). After thorough
extraction with both water and organic solvents, the organic
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chemists have applied chromatography in a variety of forms
(column, paper, thin-layer, gas, and lon-exchange) to separate
out various fractions and compounds. Absorption spectro-
photometry has then played a major role in the identification
of organic compounds, In this way the organic chemists have
tentatively identified, from carbonaceous chondrites, such
classes of organic compounds as porphyrins, amino acids, and
fatty acids., Thelr efforts have been marred only by the very
great difficulty of ruling out terrestrial contamination as
the source of these compounds. In the case of the lunar
samples, the same well-established methods can be applied,
and, if the sample collecting and packaging are properly done,
terrestrial contamination will no longer plague the organic
chemist. These investigations will reveal not only whether
there are lunar organic compounds, but also whether such com-
pounds are of the sorts associated with living organisms on
Earth (amino acids, carbohydrates, fatty acids, purines and
pyrimidines, porphyrins). They will also telli us whether
there is optical rotatory power in either mixtures or puri=
fied fractions of lunar orgenic compounds.

c. Electron probe and secondary ion egigaion analysis.
The use o e electron probe was already mentloned as a tool
in the search for possible lunar organisms., It may also prove
of value in the search for localized concentrations of low
atomic weight elements indicative of organic compounds. The

electron probe may also be greatly complimented by the new
method of secondary ion emission analysis (R. Castaing and

G. Slodgian, Proceedings of the Eurggean Regiona; Conrgrence
on Electron Microsco (De ol,
. V. Drukkerij Trio, The Hague, The Netherlanda, 1961, p. 169).

This is also an in situ method of analysis of even higher
resolution than the electron probe, which is limited to the
analysis of the outer approximately 20 atomic-diameters of

a sample. Secondary ion emission analysis permits_the de-
tection of considerably less material (down to 10~10 grams)
than the electron probe will detect, It is also more sensi-
tive Por low atomic number elements (hydrogen included) and
capable not only of elemental, but also of isotopic analysis.

d., Other physical methods. The moon samples should
also be subjected to complete structural analysis. These
should include electron microscopy, electron diffraction, and
X-ray diffraction. The resolution of the electron microscope
is 2-3 in diameter should be available., Electron microscope
staining and radiographic procedures are advancing very rapidly,
Currently, it is possible to localize enzyme molecules 1n
ultrathin tissue sections and to make them visible on unit
membrane structures of mitochondria and other cellular orgean-
elles (H. Fernandez-Moran, J. Intl., Soc. Cell Biol, 1, 411
(1962)., Electron and X-ray diffraction procedures on micro
sections of lunar samples may give useful orystallographiec
data on any organic compounds that may be present. Dltfraotion



-18-

patterns (Kossel line analysis) of micron-size inclusions can
be obtained uging elee¢tron probes of one.micron down to 0.1
micron (1000 X) in diageter. Diffraction patterns of single
collagen fibrils (600 A in size) have been obtained

(H, M?hl and W, Weitsch, J. Intl, Soe..Cell Biol. 1, 143
(1962). . ' , ‘ :

Both ultracentrifugation and mieroelectrophoretic pro-
cedures can be used effectively to isolate particles on the
basis of their size, shape, density, and charge. ..These well
known techniques will be of major importance in the search
for lunar organic compounds. '
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Section XI “B,G ; 1’867 6

Mission Profiles
Introduction

The purpose of the study of planned activities of the astrpn-
auts on mission profiles, after landing on the moon 15 to
define how a sclence program is to be carried out with seven
Apoilb flights to the moon, In defining a scilence program'
it is notisufficient to list the measurements, and required -
instrﬁmenﬁs;'oﬁe_must also make a rough assessmant sfuihet
actually can be accomplished under the known or conjectured

operatiﬁg constraints,

A work statement was prepared that included objectives, con-
straints, and guldelines as we knew, or thought we ec6uld
anticipate, them that could be in turn used to determine - .
what could be dpne on seven missions. We aiso included
se?eral slterhate or contingenc¢y missions, iThe mission
profilés given iq the appendix, were prepardd as a paper
exéfciss Sy a team of geologlsts, geochemists, and geo~ .
physicists from thé U, S» Geological Survey; a four hour

"mission studied by the Manned Space Sclence Division is also

4included in the appendix,

The next Step in the process will be to simulate the activities
in real time. rirst unsulted and finally suited after con-

' finement in a LEM mockup for the time needed to fly to the



- 2 -

moon. The resulus of time vs $ask studies obtained by ‘simu-
lation will be used for the finsl definition of the Apollo

Lunar Science Program.

‘Workstatement for Apollo Science Program
Mission Profile Study

(Prepared by Staff of Mannedvspace Science Division)

The fol;owing section is the workstatement for a mission pro-
file study. The constraints, és listed, are tentative and in
some instances arbitrary. For example, fﬁérehhéa#beené@m
decision that Apollo Mission I will have a surface staytime

of 6-8 hours,

v

I. PURPOSE:
The purpose of this study is to eliminate hajor flaws
in the planding for the Apollo Science Proéfamo

II. OBJECTIVES: | |
The specific objective 1s to prepare sample mission
profiles for the science portiqn of.the Apollo pro-
ject. Profiles for all the noﬁinal, alternate, and
l1imited missions will be prepared on the assumption that
the mission has been preceded only by the misslon or
missions indicated by the path shown 1njF}gure
For example, the profile for Apollo M;ssiéﬁ ITI will

be prepared two ways. First, Mission I was nominal,
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then Mission II was limited (L2), then Mission III

was nominal. The profile for Mission III by way of

II L2 may differ signifieantly from Misgsion III by

way. of NA4, ‘ﬂ
MISSION OBJECTIVES:

To learn as much as possible about'’the origin,.history,
and constitutlion of the moon:; More exactly, it is desired

to determine the geologlical, geophysical, and‘gebchemical

. parameters of the' landing sites; to investigate the phys-

ical and chemical properties of the atmdsphere; and to
recover samples for study-on earth, In addition, radi-
ation monitoring for-icrew safaty is to be included and
given priority over all other measurements. Othé} pos~

sible hazards might be considered.

First priority will be given to operations necessary
fér mission safety. Second priority will be given %o
those(necessgry for the safety or success of future
missions, Examples of operations in these categories
include meesurement of the engineering properties of
the surface, and monitorfﬁg of radiation and micrgméto—

oroid flux.

Further priorities will-be assigned to investigations and

experiments, to the extent that they:
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1. are of basic éhd‘perﬁanent scientific value,
2, can be done only.on'tﬁe surface of the moon,
3, c¢an be done Enly by & man, ;
4,  are valuablb for future scientific or operational
purposeso -
IV. GENERAL CONS@&AINT (Miasions I- VII)
~ A, Space Suit Factors :

1, The matimum endﬁégﬁceﬂtime of'ﬁhe.ApaIle sult
with PLSS 1s 4 hours, of which the last hour is
-conﬁingéncy‘time° Nermal operating time will
pe-not over 3 hours. | |

2, The maximum walking distanceIOfuan'astmonaut‘on

the~1ﬁnar surface, assuming level, firm terrain,

is abOutfzohymilesm This is an:absolute maximum
'"figqre based. an.PLSS endurance and metabolic load.
Theimaximum distanae from the LEM permissible
during any misg;onfwiil~probebly be about 1/2 .
mile, | o
3. Bbdy.movements in a presﬁhrized sulit aregrestriétedo
:Squatting and kneellng take several times the
unsulted time and effort, Lifting ayms above
‘shoulder height 'is difficult. Putting a hand in
front of the face requires a definite effort.
4, Harmd movemenﬁé are restricted by the glove.

Gripping objects on the order of 1 1/2 inches in
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diamator ror long periods will be dirricult.
Looking down between one's fect will be difficult.
The faceplate will prevent any obdoct from being
brought closer tc the eye than 2 1/2 inches.

LEM Factors

1,

2,

The maximum separated endurance time of the LEM
is 48 hours. The mayimum surface stay time ‘is

2% hours,

250 pounds of sgientific equipment (including power

. ,~8upply, telmetry, etc.) can be carried to the moon.
DI ‘ " e . -

3.

b,

Lo pounds of this can be carried inside the CSHM,

. and mus§,occupy“notm3ver one cublc fooﬁ,' The

rest of the equipment must be carried on the out-:
side of the LEM descenf.stageﬁ 80 pogﬁds of
scientific payload (samples, film; tapes, and
containers) can be brought back to Earth and

must fit within two cubic feet.

Nominal turn-around time for the LEM 1s about

. One h‘Ouro
ﬂFour.PLss'rechargcs are available for lunar

.surface operations. Only one can be recharged

at a time,
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PARTICULAR CONSTRAINTS (Mission I)

A.

B.

E.

'F.

Total outside surface time will be 4 hour;, total stay-

time 6-8 hours. ' EE

Only one man.will be outside at a time, ex*cpt for

emergencies, Both mdn, however, will get out.

The man on the surface w111 stay within view of the

. LEM at all times, except for the walk-around 1nspec-

.tion of the landing gear. 5 |

The maximum walking distance from the LEM. wilﬂ be

about.one-half’ mile. . ; e ) ' i

For planning purboses,}the following perforuancei

figures will be used for e man on the lunar tﬁrfaco

in the Apollo suit: f' | E

1 Maximum sustained waikihg speed,\le;el ground -
70 f‘eet/minute° ~

2, Walking specd level ground, straight ~line tra-
verse, with occasionaL raock sampling - 20 to |

25 feet/minuteo,_’ oLk Coa

" 3. Maximum grade,plimﬁdplelfor short "distances =~ 30°,

u. Strides will be 8 to 10 inches long, ‘-
A scientist-astronaut will not go on the firstminion°
Ordnance (1.e., explésives for selsmic shooting, etc.)

will not be carried on the first mission.
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PARTIULAR CONSTRAINTS (Missions II and III)

A,

1

b,

C.

¥,

G.

The maximum stay-time o# the LEBM for Apollo Missions
II and III is 8 hours. ‘

The rate at which the aastronauts will walk and slopes
thad they can ciimb wiil be determined from N1,
throuzh E same aﬁ-in v,

A sclentist-astrofaud may not- ho present on Apollo_
‘Mission II, a scien#lst~astronaut may be preuont dn

Apollo Missien III, -and' later. : -

 Ordnance may be considered for Apollo Mission II or

A lat er [

PARTICULAR CONSTRAINTS (Missions IV - VII)

A,

B.

-Maximum stay;ﬁimeatbr Apollo Mibsiona iV;- VII 48 24

hours. The OUTSIDE time is 9 man-hours, t.e. first

man out for”a three-hour periocd, second man out’ for

_three-hour per!od, then first man out fbr a second

three-hour period,
Operatlion with two men-outside may be'ééhedulpd‘for
Mission IV. Two men would be outside for a period of

three hours, 1.e. 6 man-hours. This operation would

~ require some changes in PLSS charge rate.
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ggIDEgIEEs. o i, o o
A.: The Apollo science progrum guidolincs of October 8, 1963,
apply to all missiona, until rurther notice.___T
B. The_fields,of 1nvestigat49nl will ‘e- goolozy,
geophy des, gebchemistry; biology,'and the lunar
. atmosphere., :.: RE
C. The 'sub-divisions of the fields.ef 4nf§e§ié;§ion are:

C 3 Engineering seiamalogyv

Gepjogy |
1. Figld geology -
2o Minoralogy and petrography (to be done on re- ,fv

turned samples),

eochemisurx (most if not all, geochemical activities

will be qone on returned samplee. Analytical chemistry

on the moon can. be considered )

- Geo slilcs
‘lw,‘Passive seismology

2y, Active, deep soismolagy

e

' ‘Megnetic neasurements

5. Heat measurements

6. GreQity meaeuremcnﬁs

Atmogghefe - measurement of physical and chemical
properties.

Biology =- analysis of returmed samples,

.
’
.'

.
[
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D. Assumed equipment or instrumentation

l. Complete photogeblogic coverage of nominal site
at scale of 1:10,000

:2, Normal geologic hand»tools or their oquivalﬁnt;

' cameras, sample centalners, ete,

3. Appropriate gecphysical instrumonta . L ¥

4. Radio 1ink with LEM and earth and hcnd hnld TV
to distance of 50' from the LEM a

OﬂZNA AND CONTINGENCY MISSIONS'

Detalled operational soquencas for Apollo ltslian; Eult
include sequences for nominal missicnn, limibeQ nis-;ons.
and alternate miSSions° An alternate mituldn ﬁi dcfintd
a8 one in which the LEM does not descend tn thc ldrtauo,
or the astronaut does not emerge after descent, A -
ber of other alte-mate missions can b& imagined.‘gfgiﬁ'

8tudy will inclucde only the possibilities shown in

“Table 1, Limited misslons are defined as thoae nis~

sions where the astronaut does descend from the LEM :

fﬁr-poriods of time‘almosf up to that of the nominal

‘ plahned mission., This study will include three pcllible

1inited missions as shown in Table 1,

Noninal‘missions land on the selected site and remain
for the p;ahned duration, After the firat Apolle

mission se#eral types of nominal missions can be
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recognized dependinékon‘the‘position:of & new site as R

compared with an old site.. This study will include the

nominal missions described in Table l.

TABLu 1 Mission Definitions ‘

A.’ Alternate Missions

AL,

A2,

A3..

Al
L1,
L2.

L3,

LEM lands but am astronaut does not getwout.:f

Command and Service Module (CSM) does not go
into»lunsr orbiﬁ. (Circumiunar}oré}ogg ci”'f
lunar or long ‘cislunar trajectorles afe the
OnlyAsucn miséionsqurth study at this time;)l
C3M goes intofiungr orbit but LEM does not
descend B ' B

&

LEM descends but does not land,

‘B, Limited Missions

LEM descends and an astrpnaut gets out for no
more than one hour, | °

Crew spends more than 1, hour and Iess bhan 4
hours on surface. | —
LEM lands on a non-nominal area (no 1arge:
seale map avallable). |

8. One astronaut spends no more than 2 hours

outside time,

b, Stay 1s for the nominal period of time,
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¥ominal Miassion

Nl. Nominel mission to first landing site,

- N2, Nominal mission to preceding landing area,

ofigingl landing site in view,
N3." Nominal mission to preceding landing area,
landing site not in view, |
N4, Nominal mission to a new area,
Apollo Misslon I will have certain operational pose
sibilities that will include those of Table 1, ex-
cept N2, N3, and'Nﬂ. Apollo Mission II will have

"all the possibilities listed in Table 1 and each

of these possibllities can be achleved by being

preceded by any one of'fheﬁMission I possibilities.

It is obvious that if we wish to prepare a realistic
Apollo science pregram we must éonSider not only
nominal missions but a number of possible contingen-
cles. At this time, however, we must make a limited
seiéction for detalled study from the very large
number of possible -paths, 'The’examplesfto.be studied
are shown in Figure . The linked missions will be
studied as examples of possible Apollo science proe

grams,
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PRELININARY JTODY OF
% NOUR LUMAR NOWNAL AND ALASMNATS MISSIONS
by D. Beattie, K. Davin, and P. Lowuan

Manned Space Science Division, NASA Headquarters

Introduct;on
y =
This report presents preliminary results of a study of

sclentiflic investigatlion® which can be carried out during the

first of seven Apollo 1andings (the approved program)a It hes

- 2

three specifle: purposes: )
1. To outline nominal, limited, amd & -ri alternate mission’
| science. programs; | | . | ' h
2. To find fléws in ounrentfﬁlahs, such asvthe éépgtg}%(;’?_i’
the Ad Hoc coumittoe ("Snnnevt R@port”)~ aua ey
3, To d.fine areas in whzch more information 1a~naodod for -
- ‘meaningful planning. ' 2
The ntudy covers only a first mission with. toar ‘hhri
avallable ror surface operations exelusive of ‘vehisfe oheckout-
&nd several linitod and slternate nissiona, The following naJor '
assumptions were made, based on various sources-
1. The major objestive on the mizgionc will be the safe
return of the erew.
2. Subject fo craw safety, scientific/ensincefihé'operationa
will receive top priority. Of these opérations, sample

reture 1e most isportant.
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3. Secilentific ope iiions will be planned so thnt abvupt,
unplanned term:ination of the mission will not cause a

corresponding loss of scientific data; 1.0‘. tive. opcr—

i

ations will bLe compartmented with respect to acheduling

as much as poasiblea \ RS

4, The best guarantee that an. cxperiment will bo perfbrmzd
1s its simplicity ;and ease cr‘performgpppq and qinimnm
equipmehto,- » | ‘ | )
Other assumptlons are given iﬁ the work gtatement.
The most valuable scientific o’eration will be tﬁe zuoi6g?
ical traverses, becausc they can be done only on the moon and
done best by & man., Therefore, the goqlogical travcraos will

be considered the prime cperational sink; i.e., any.e;cess tint

can best be used in lcuger, mecre detailed, or additional traverses..

Schedule of Investiggtlons and M;lgigng

The- following table presents a posaible distribution of
scientific investigations amcng the assumed seven.Apollo missions.
It is based on the Ad Hoc Committee report and gpelin;nary regsults

o : f AR .

from the Apollo Scilence Program study teamsa.,




TABLE 1. Investigat hedule
X - performed on mission |
Numbers in parentheses refer to 1dnd1ng sites listed on page 4,
Ve io v Mission Numbﬁf'fSiteZ
1 I III TV Wt VII
- (1) @) (3) (6) (5) (2) «(4)
1. Terrain and outerop -
study X X X X X X X

.2. ' Sample colleotion (incl, .
‘ blology and description) X X X X X X X

3. Photography X X i7=~‘x ¥ X X
4, Coring and logging X X X X X X
5. Participation of " | o s
- scientist-astronaut X X X X
Ge?physiel: | -
1. ” Passive seismometry . X X X X X X qu
2. Active seismometry o X x x x x
3. “Gravimetry X X X X X X X
'U. Geodetlc observations X ';X X X X X X
5. Heat flow : ? X X X X X X
6. Surface radiation i}' X X X
7. Electrical surveys k ? X X X

8. Participation of
scientist-astronaut - X X X X

-1
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i

Miscellanaoua.v

1, Meteorold and eJocta

. flux measurement X X
2. Atmosphere analysis 4 | x'f | X
3. Trafficability studles X X X K- X X
4k, Space radiatioh studiéa | x‘ | X X
" 5. Meteoroid damage inspec=-
tion of previously : oy
landed equipment . X -
L‘nding Sites g

The folldowing roprooontu 'y liat;or md}or physiograph{c

features upon which it wauld bde dplizable to land if posaiblq.
All can be found within the Apello Ltnding area. ﬁ' o

1. Mare area . -

2. Vieinity of Coperniuan a;qforatcr on mare

3 Vicinity of Copernican l‘t orater on highland

4, WViednity of chain orater op mare .

5,¢“Apennin1an material

6, Pre-Imbrian. maherial o

It 1is evident that theé’ lallction of landing sites depends
" highly on the results of thg,rirst,;anding.and,the cemplete or
partial fulfillmeht of the saeientifie tasks by the first landing.
The list of suggested landing area shows areas of diverse geologic
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interest. It is altogether probable that not all of the instru- -

nends and exporinents for the first rlight will meet‘the‘fligbt

sthtdulc or be luccesurully intégrated with the spacecraft 80 -

‘Shat nule experinents mey not-be ready until later Apollo f;ightso

nﬁggggle !;gs;gn Prof;lel,- N-1 -

R Y

No1 (See the preceding section for explanations ‘of numbered

miasions,) refers to the nominal rirst landing with a total of

rour (4) hours, 1noluding ttme for getting in and out of the LEM,

avaiihble for the surface hperationso

; The maJor tasks to be performed on N-1 include the following

- 1..

o 2,
N '3;

(3? n‘_o .

13

. Td

'ﬁiZ/landing site inspection and description
Telmotry antenna erection

Geological traverses

COntingoncy srab sampling
Scientiric,instrument émplacemént
éeld%iiion eamera transmisstion.

acconplish these tasks,_the 240 minuaes of available time

can be divided into maJor phases for each aetruuunt as follows,

rirat Astronant _(S/C Commander) - 120 ninuvess

Bgress (18 min ), eollact rosk “sample and rehurn
them to LEM ascend stage°
:'Walk-tround inepection (10 min.), range,
'edisfaﬁee.measuremento
Lohéefihie é?iverse, sample ‘collecting, inel.
tptgnng ernetion (80 min.)

‘Rebodrd LEM (15 min.)
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Second Astr'énaut', ~ (Sypstems Englnaek) & s¥20THiAgtes . 0 ooen g
Egress (15 min.)
Television set?up aad transmission (20 mino)

“Geophysical instrﬁhent emplacement (25 min )«

Lons-range traverseaand aample collect&ng (RS min, )

Reboard LEM 615 mino);:w ¢;>f¢; (d’ ;gf
Whiie on the surface, each man will be continually E¥sarvea.
by the man in the LEM the first man out will be monitored by

telqvision camera uhrough the LEM window if possiblea{%;;

St Jaw e
| Dgtailed_miséigg‘rgéfiié -1y
firSt Astronaut R ' «h‘
Starting . - | LA *
Iime . “Eguigment and. Ogerations S -
0:00 o . Equipmpnt° walking staff/penetrometer' camera;
‘: : : geolog&eal equipment o SIS
Astronaut gets out of LEM and t'o fébt of ladder
S at forward hatth, .- TRt
0:15 o Equipment: same . - .f "]“f,*l,

Astronaut che@&s-foofing and walking character-
istics at foot of;léddgn,gcheckstLSS.and
communications operation.- -MakKes wallkedround
inspection tour at. base.ofwLEM, includimg the
following: e s T
(1) Real-time verbgl-description of ground.
uhder LEMI*?#nera&gébndition of LE¥, and
R R N |

b

ol




Figl LONG RANGE TRAVERSES

N-1 MISSION

1000

RAD WUs

FIRST

OPTIONAL TRAVERSE

SECOND OVERLAP

TRAVERSE

BLIND ZONE bty BLIND ZONE

400 FT.

FIRST TRAVERSE LENGTH 1600'
TIME %65 MIN.,

SECOND TRAVERSE LENGTH ¥ 1100"
TIME T 45 MIN,
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‘personal status for real-tlme transnission
to IMCC, If duét;were raised by retro
’engine. deacribe ‘dust settling and collect
dust, ' ‘/ )
‘(é) Selection of three random float semples,
,possibly between +Y and +Z pads ("contingency
. grab samples") and return them to LEM
lsbehd stage, E » o
L (3) Inspection of :each leg and pad for “con=
hition. penetration, ‘and stability - about
2 minofleg antl ‘any appreciable crater
fcrmed by »etro Jet
(ﬂ) T'o penetration tests per quadrant
0829 nbllnqulpment: same plus telemecry antenna
'Astronaut-goes to antenna’ storage compartment in
descent atage, unpacks TM antenna., Carries
‘lntcnna wlth cable 50 feet from LEM along
route of long-ranze traverse (Fig., 1), erects;
ltnu, and activates it.
_Altrcnaut then begins leong-range surface
}tEQVerse-along & non-retracing loop as shown
'(Fis, l), during which he does the follewing
at his dilcretion° -
(1) contﬂnnll verbxl descfiption of trafrica-

'bﬁlfiya.mumrorellet. deacent stage erosion,



: .‘:i

1:45

Second Astronaut

2:00

2:15

-8 = "

angd’ personal status for real-time trans—

a

' misston to’IMCC, | ';,; -“:uw;

(2) Study, sampling," desci-iption. anthotosraphy
of outcrops or lodse fragmzntal ﬁaﬁerial¢

4 ,«1‘

(3) Nested terrain photography in direction of

\
4 14" ‘4' (-'.-,

'traveio 7 LA EREIS

,':.

(4) Panoramic terrain phdﬂ%graphy,outwardvat
“-1limt of traverse lobp, seleeted aocording
to points of interest. |

(5) Penetration tests, - S SO

'Traverse loop brings astronaut bagk to reboard

'LEM. Dikcards contingency samples 1if desirable,

Equipment: walking staff/penetrometer; camera;#:°#

*geologicaI”éqﬁipment; TV camera;
ggophysical Anstrument package and

‘ asaociated equipmento ﬁgl'_

 ‘Kstronait gets out of LEM amd to foot of ladder

at férwardihatch,

Astronaut checks PLSS and gcommunications oper-
ation, goes to goophysieal instrument compart-
ment in descent stage and unpackshinstruments,ﬁx-
placing on light weight carrying device, Walks

to TM antenna gr 50 feet out along traverse
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35

00

| landing pad‘&nd'legb
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route (see Fig. 1) carrying TV camera and
towing geophyéicalvinstrgmentso Sets up,
tﬁrns on, and cheéké operation of"TV camera,

Scans terrain 360° around c;mpra, zooming on

o 1nterest1ng featuresoi Scans LEM. zooms on +2 ;

R

«..‘-'v‘ .
Yo AT
T E : -

Emplaces seilsmometer/gravity meter;“rﬁdaation |
meters, and micrometeoroid'dgtector gnd other

1nstrumenb or: experiment near TM antenna or

~ at ather eppropﬁiate,site at least-SO'feet

from LEM. Makes geological description (inels
sampling and phobcg;aphwfof instrument site,

. with speéial.attbnhion paid to coupling of

scismographo

. Walks apprbximately 100 feat beyond instru~

ments just emplaced with mggnetometer; emplaces
it. Makes geaiggical descripﬁion of magneto-
meter site, samples,

Makes long-range geological traverse, as

ahqwh in Fig, 3, aleng a non~-retracing loop
with a total length of about 1100 feet (dige
tance based on speed of 257'/min,, which

allows for sampling and description.) The

" exact route should be guided by exposures and’
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pog.nts of 1nterest.., Operations same as first .
astronaut's traverse, but with more emphasis
on geology, less on rpcket erosion° "Should
use remaining sample and film capacity°

3145 _. | xReturns to LEM, discards excess samples and
expendable equippant, reqﬁhrds LEM; A

Mission Profiles: L-1 L IR

L-1 refers to a limitgd first mission in which one astronaut
spends a total of one hour in aurface oparationge - ;*

Starting ‘ B : o R
T;mg Equipment and O erat  n

0:00 Egﬁess as in Nﬁ%”ggrg&;ng‘geolqgicgi e&uiﬁment,
walking staff, and camera, :

0:15 Walk-around in:pgction as in B-1,

0:25 Short-prange ggalqgica; traverse within 100
feet of LEM? 395§§P%€ gguge shown in Fig. 2.
Operafions sagQVgg in long-range traversé, but

~ attempt should be ma@g‘td'colleqt total wgight

of samples and to:ugg all £ilm. Systémsl
engineer should keep TV éameré on first astro- - - 7
naut from inside. the LEM, with two terrain
scans 1f possilils, |

0:45 ~ Short-range lgppvvill bring astronaﬁf back to
LEM at forward hateh. ,Digéards excess samples
and expendable quggggpt. reboards LEM as in N-1.




Fig 2 SHORT-RANGE TRAVERSE

L-1 MISSION (1 HOUR SURFACE
| TIME)

. QADIUS
o

PROBABLE
LIMIT OF
ROCKET
o 1 | EROSION
BLIND ZONE BLIND ZONE
WALKAROUND
INSPECTION ( 10 MIN, )
| - 2
50 FT.

TOTAL TRAVERSE LENGTH < 400'
TIME @ 20'/MIN. ¥ 20 MIN




'Migsgon Profiles: L-2
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Le2 refers to a limited first‘mission'in whigh from one to

“'roup,hours surrace operations time is availabla, "Kitbougn both
"astronauts migbt have t;mt to got out, it is felt that time

would be tao: valuable to parmib the systems ensineer to set out.

The optimum “f-2 mission would be the same as L-l above,

-
s L

-with additional time spent in surface traversge operationsq_n '

'rMission Pgofiles' L-3

L-3 neferb to limited first missions on’ non-nominal sites,
with no large-scale maps available. It the IMU can’ satisfactorily

detsrmins the position of ‘the LEM,: no major changes “4n the mission
;iprofile seem necestary. Otherwiso. somo time may haVa to be -

”Aspent on geodetic measurements suoh.as,reseotion with compass

from surrounding terrain"‘5‘. | e
L-3a (no ‘more than two hourl Qutside time) - same as L-1 or L-2,

L—3b (nominal time period) - same as N-l except as noted

i‘for additional position locationo-

Migsion Proriles° A=-1

A-l refers -to an alternate first mission resulting in a
one-pass circumlunar orbit or a long eislunar orbit, Assuming

that ‘the malfunction respsnsiblt for -the alteynate mission

.has been taken care of #fd the grew is in no daoger, the following

investigations might be ¢tarried 6ut,



'L, Photography with hﬂhd camera of:
lunar lurfléc‘ L | RERERR:
earth |
selar-corona . e '“}jé

“planets .
zodiacal" light

-2+ Astronaut desc}iption of lunar surface faaturos,

R 2

coord.nated with photography.
3. Photography of lunar surrace with LEM asce"t

i

stage cemeras, 1if roaaible 5 | |

: R.t‘Activation of LEM fuatrumentp before Jetttw&n to per-

|

nit trackins in oircumlunar.orbtt

5, Jettison of some siophynieal 1nstruments into 1uner
orbit 1f feasible~(po$sib1y m9§netomeber, radiation

YF";

. detectors?) %
‘Misslon Profiles: A=2 |
a2 refers to aohievbmont af. 1una? orbit but without LEM
deacent. If the LEM aeparqtos and isﬂgperatiopgl, thq qptimum
saivage operation wduld be to:ulo thq‘hloantnﬁtpkgrcameras, the
" hand camera, and the TV camera for luaar surface reconnailunce°
Firlt priority ohould e 31viu to the. 1ntonded lnnain; sites,

with tubcequ!nt photdgrlphs of: . N

Vr

High lotitudoa. ocrthwtrd racc
Far side of the moon ‘,:gl.
Sun .




rtturning to earth.

cEartht '
Planets
N Zodiaoal 1ight

Operationg h and 5 ot Api.ahoﬁld also be carried out before

“ PO l‘_

1‘@he &w3 m;ssion consiats of a descent by the LEM without

,landingt‘ $1nce this would be ossentially an emergency situation,

l

_fvery little astronaut participation in experiments duning the

'landing.ﬂppboaeh could be 1xpectod. The following 1nvestigations

are euSSestede - ‘V957jf B

i-i?uf' 1, . Automatic photography or Ianding.site during descent

by 70mm cameras modlited én. the aacent stage
KZer‘Automatic doproyment '} plume sampler mounted on
s 'ascentxatagd Jf?g v | T
j; 3} After reatuzn to lu@gr:oypit,_the cameras and plume
. ’.oamplor would be roooveredo If feasible, the photo=-

-_graphy suggested tar the A-Z‘mission would then be

. Ty «
R e

- . 'carrled out,
Eﬂllié&—ﬁiﬁ&lﬁ;]p; Aek .
- In.vhe A-4 mission, the LEM lands successfully and stays
for some time but the aqtronlutl;are not able to»get,outo,.The

rolloWing;tnvostigations=could_bt-carried'outo



1.
e

L
Yo

4;

: 5'?'..

- 14 - | :

'Automatic 1énding‘siﬁé'ﬁhotographynas in A3

Autgpaq;q“ggployment of plnme sampler on surface

.\\m&\‘% -
Punoh spmﬁllng or other sampling device operated to

:ﬁr--
collect dust raiaed by rotro from LEM | Jﬂﬁ
e il

Photosrapny and'TV leanAb! landing aihe and surrounding'
‘ E kot

.“\

terrain

v
Bl

Retention. of all cameras on return to luﬁar orbit, 19
place of samples, for orbital photography as in- other

~slternate missions.
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Lunar Atmosphere Measurements Team Yo <9E§;>
Apollo Science Program '

NEED FOR LUNAR ATMOSPHERE MEASUREMENTS IN THE APOLLO PROGRAM

1. Background

Measurements of the lunar atmosphere are of interest from an stmospheric
physics vgcwpoin:.“ Additionaliy, however, sucﬁ measurements can be cxpected'
to significantly cuﬁplement the gcologic dat;lgathoted on the moon, since
the lunar atmosphere may have evolved from solid lunar material. Geology
without lunar atmospheric studies, or vice‘versa, would unnecessarily
increase the number of conjeétures that must be made to properly appreciate
the lunar evoldtional process and its current state of evolvement. Since
Apollo missions may contribute siénificantly to the contam1£etion~o£ the
lunar atmosphere, it is important that measurements of the lunar atmosphere
be accomplished as near the beginning‘of the program as possible. ' )

The lunar atmosphere is known from optical measurements to be less
dense than about 10'6 that of the earth's atmosphere (Dollfus, A.,

Ann d'Astrophysique, 19, 71 (1956)) and the ionized component is less

than about 103 ions/cms, as deterdined by radio measurements (Elsmore, B.,
Phil. Mag., 2, 1040 (1947)). Beyond these upper limits, all else is inferreé.
In a steady-state atmosphere, the concentration of particles of a -
given kind is detexmined by the input rate and the 10l9 rate. The measurements
mentioned above therefore limit either the input rate to a VGt& low valye, |

or the loss rate to a very high value, or both. The former extreme would

be characterized by a residual atmospherc of gravitationally bound heavy



zuii (i..c..'uro input rete), whtlé the latter ‘llim wuid be charscterized
by e rapid ascape uchouui (e.3., ula-t-utnd pasticles striking imoph:rtc
particles and driving th?n ;way). | |
2, Possible Sources of Lunar Atmosphere N
The wide variation in theoretical prodicttoao concerning éhe 1unif
atmosphere ari-ec‘mainly from differing concepts concornipg'tﬁo--ourco
mechanisms. Rather than discuss thontheorico. we here simply nnncion the
varioui possible nnchaﬁioml and how they pertain to the measurements. The
possible atmospheric contré; mechanisms are:
(a) An original stmosphere with no further :ccfction. In this ca‘e.
the remnant atmosphere would be examined by o l‘t(ice instrument. An

exceedingly slow loss mechanism (e.g., t ? 10' y‘.rl) would be requited

loss
to leave any trace of the original atmosphere. Bince thermal-escape
undoubiedly occurq‘to some extent, it can easily botohoun‘thlt éhe only
remaining components of sn original atnolphci- would be heavy gases such
as xenon or kryptom, (L. Spitser, Jr.,‘At-ogghgggg of the Earth and Planets
(Ed. G. lnipcr)‘Uhtv, of Chicago Press, Chicage, Ill. (1951)). A wmass
spectrometer would therefore detect bnly heavy gases. B

(b). Velcanism or outgasing in general of ybictilcl from the interior
of the moon. Atmospheric components so generated should be mainly water
vapor plus traces of §0,, NH,, CO,. etc. (i.e., typical volcanic efflux).
If the loss rate {s large comparnd‘to the vate for photodissocistion in
the solar radiation, then these components would be detected as molecules,

while for tha contrary situstion, wonatomic cqy.ii would be the pr;ncipal"
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‘conoettuant detesiidy cthie uauté arise from pho:odt-oociation of vater
' vapor, whete the hydrogen ooccpdl taptdly due to its small massé.

Gases may also be released from rocks or magmas near the lunar

surface. Cases cnﬁtcﬁpod in and evolved from ro;knuarc. after Hzo.

primazily OO,. Hel, Olz. s H,8,-CO, CH,, N, and 0,. Rocks and magmas

of different composition evolve varying smounts of these gases, and thus

allov an estimate of the ca-po'ulion of the rocks from witich the gases

are evolved. Gas compositions are slso useful in following the process of

- magmatie dﬂf.nyeu:taﬁ, and ‘would be of significant value if the qompos'i-‘vcibn ,

of gasas unann:ins from o voiecntc vent on the moon could be measured for‘a :

period of time. | |
ﬁnccnt work on gases in t.crr;u:tial rocks mdicateq~ the following

. gene uuu :tona :
1.' Gases other than water range from 0.1 to 6 cm /g,
2. co2 is generally near 350 percent of the total gas other than
| 320 in basalts, but it is gensrally low in rhyolites and
(uumduto in granites and sndesites,
3. nz is the dom;uant ges in grsaites, butlit 1s highly variable
~ in other rocks, |
.A. Sulfur, reported as 82'. 1s generally 2 to 9 percent of other
" gases in basalts, is also high in some andesites, but is
generally low in obsidians and granites,

S. c12 is commonly 10 to 30 peresnt in rhyolites and some andesites,

it is less than 10 percent im basalts, and it was found to be
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less than one percent in two semples of granite,

6. ¥, is the dominant ga,o ia -Qu obsidians and in some basalts,

and it ranges fro@ 10 to 30 percent in most other rocks,

7. co, Nz, and Ar‘do not show cyaec-.cic differences.

It has been postulated that strong Earth-induced tidal forces acting upon .
the moon cause fault lines in the lunar crust to shift and slip to the |
extent that there will be brief peiiodo vhen trabped subsurface gases will
be released. largs scarps and fissures on the 1unarvsurface are consistent
with this concept. .Dcteétiqn of gases released from such vents would be
extremely valuable to the understanding of the moon's internal structure.
Continuous monitoring of regioms of sporadic or periodic outgasiag would

be desirable in order to dcte;t gases with short retention times in the
lunaxr atmosphere.

(c) Meteoric Volatilization. The effect of meteoritic bombardment
of‘the lunar surface causing agitationm of the surface material may have
significant effects in accelerating the geological evolution of the
gaseous atmosphere by releasing the occludéd and absorbed gases in the
lunar surface msterial. This is similar to (b) except that individual
inputs could be distinguished by the rapid rise and subsequent decay of
fluctuations in the atmosphere due to the sudden release of gas rather
“than the relatively slow outgasing process. Furthermore, simultaneous
seismic measurements of 1mpacf could also aid in distinguishing such
events. The seismic experiments that mewe already been proposed should

integrate meaningfully with the atmospheric measurements.
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(d) Release by Enarzetig Particles. Impact on the lun;r surface by
energetic particles, elp.ciflly protons from the solar wind, will tend to
break down compounds and produce free potassium, aluminum, cadmium, etc.

The vapor pressure of many of these materials is high enough so :hac'chey
may contribute significantly to the lunar atmosphere. Since these materials
are not present in the torreltrinl atmoaphere, it may be possible to prepare
the lunar 1nstrumentation so that it will not release such materials on
outgasing, and it shoglﬂ be posaible to detect much lower concentrations

of these materials than of water vapor or other terrestrial gases.

(e) Solar Wind Accretion. Gas so accumulated will initially be
essentially ionized and umnatonic, due to the high temperature of the

solar wind ()'105 °

K) and the even higher temperature of its source, the
‘ corona (> 106 OK), but it may become neutralized and combined into molecular
forms after reaching the moon. The composition would be similar to the suA,
pdssibly altered by diffusive separation, and the solar wind would therefore
proﬁide an atmosphere compoéed mainly of oxygen and nitrogen. A large
proportion of nitrogen would theq serve to distinguish (e) from (b) and
(¢). Furthermore, a solar wind incident on the lunar surface should be

directly detectable.

3. Inportance of Measurements

The analysis of gases at the lunar surface will be of value to
geologists in determining the kinds of geologic processes, especially those
involving magma generation, that were or are present within the moon.

From the compositioﬁ of the gases evolved during magmatic processes, much
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can be determined concerning the composition of the rocks and msgmas>
withinltha moon, wnich.in tutn will.aid'lnldetermining.the history and’
crigin of the body. It is evident that measurement of time variations |
in the lunar. atmosphere is potentially capable of discinguishing among‘
" the more plausible accretion and loss’ mechanisms.lf
The possible ;xistonce of. volcaniam is sxceedingly important since
‘such phcnomena may provide volatiles that are useful for life aupport
(both intrinsic and ertrinsic). The location of volcanic sites, if they
exist, can be faeilitated by deploying.several atmospheric pressure gages
(one per Apollo mission, for example): time variations at'different'
loeations coulo be interpreted to‘locate-the volcanio site, analogous

to the. location of earthquakes with several-seismographs Thesfeasibiliry

" of such a program cannot be judged until at least one preseure gage is in

place and if proven feasible, then two more‘gages shOuld be desirable at
',w1dely spaced locations (i e., three Apollo missions in all). Therefore
_the firat gage should be landed at the earliest opportunity. In brief, the
first datum) no matter how crude tho informstion or how poor the
resolution, should be obtained just as soon as possible, hopefully before
the. exhaust gaseavfrom retro rocketshave had a chance to disrupt seriously
the lunar atmospheric eomposition,

4, Contamination

The total mass of lunar atmosphare in terms of the particle concentratlon
at the surfsce is approximately 100 8/(particle/cm ) . Present experimental

and theoretics] eutimates give ~'106 particles/cm3 for the particle

RN




.7.

concentration, or about 100 metric tons for the total atmospheric mass.
The Apollo excursion module will release up to 5 metric tons of exhaust
gases. The above estimate involves important hncertaintiés, and the
Apollo reaction products may even dominate the atmosphere. It is
unfortunate that the vehicle carrying the atmospheric-measurement
experiment may 1:.;15 seriously contaminate that atmosphere, and the

experiment should therefore be capable of operating for an extended

- period. At the very least, the loss rate for the contaminant gases can

thereby be determined. If these loss rates are sufficiently large, then
the atmosphere will return to its steady state and be observed by the
lunar atmosphere experiment. Loss due to solar wind interaction may give
rise to loss time constants of the order of one month, or about one lunar
day. Thus the experiment should last, at the minimum, for several months.
It is desirable, in any event, to observe any changes in the atmosphere
th;; may occur between lunar day and lunar night, since this can provide
furtﬁer informa;ion on composition (e.g., the freezing out of volatiles
during the very cold lunar n;ght).

The contamination problém provides a powerful argument that a first
attempt at lunar atmosphere direct measurement should be made from an
orbiter. The merit of such an approach, assuming that the alt{tude of
the orbit would be low enough, is that: (a) a reasonable opportunity
would be available for making measurements pfior to contamination,

(b) any burst of volcanic origin such as that recently detected optically

might well be detected directly, and (c¢) outgasing at the dawn meridian
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might be detected. It is very important to have the opportunity to look
for such gases before significant coﬁtaminetion takes place,

An environmental factof that may be altered by rocket gases during
the first and succeeding lunar missions is accumulation of.condensed'
rocket gases upon possibly existing primitive deposits of frozen water
and carbon dioxide“in permanent or semi-permanent shaded regidns on the
lunar surface. During future lunar suffacé exploration into these shaded
regions, the question may arise as to whether any frozen constituents were
primary in origin or products of rocket gases, or possibly both. Knowledge
of the diffusion and retention times of rocket exhaust gases around the.
moon's surface would aid in determining the answer.

With the advent of more rocket landings and surface exploration

activity, considerable amounts of rocket gases will be added to the lunar ‘
atmosphere, and these ga;eé will be modified by charged-particle and
eléftromagnetic-radiation energy from the sun, This action of the solar
radiation will result in a continously changing atmosphege. These changes
could affect scientific investigation of the overall lunar surface materials
due to absorption and desorption éf gases. These gases may react uypon
mineral deposits exposed on the lunar surface as the gases condense during
the long lunar night (14 earth days).
It is, therefore, imperative that consideration be given to retention
times of rocket exhaust gases in the lunar atmosphere and their effect

upon future manned lunar surface exploration,
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5.  Recommended Measurements

Oétimally the lunaf atmosphere éxperiﬁchglohould measure che,folloQingv
neutral constituents: |

(a) total pressure,

(b) mass spectrum,
and the following‘ionic constituents:

(¢) total concentration, |

() mals'lpectrgm.

(e) directed flux;

The most direct approach tollunnr atmospheric measurements is the‘
use of somé type of mass spectrometer to measure the neutral gas composition
and an ion mass spectrometer for ion composition, A total neutral pressure

. measurement alo;é should be done only as a last resort if an adequate mass

spectrometer cannot be developed. It would appear, at the present state .
ofi;he art of mass spectrometry, that considerable development work to
create a device compatible with the possible ranges of lunar atmospheric
pressure must be performed before a practical package can come into
existence. With the estimates of lunar atmospheric pressures ranging
from 10'10 torr down to 10"15 torr, a major improvement in sensitivity
of é mass spectrometric device will be necessary. In addition, the
ion-generating region for a neutral gas spectrometer should employ some
technique other than a thermionic emitter in érder to a§oid dutggsing
of the system and gettering of the gas moleéuies. thus presenting a

biased composition.
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Relative to the Apolio prbgram, the possibility of leaving behind
a mass spectrometer package to telemeter the lunar atmosphere over a
period of time seems to be ﬁost desirable. It would provide information
concerning the rate of cleanup of the atmospherc after departure of the
LEM as well as day and night atmospheric composition. Further, some
information concerning solar activity and its effect upon the composition
of the lunar atmosphere could be obtained. .
Charged-particles analyzegs should be set up on the lunar surface
to examine the energylspectra of both positively and negatively-charg?d
particles and their directions of arrival. If the solar wind impinges
without disturbance on the lunar surface, the measurements made with this

instrument would be simply thdse of the undisturbed solar wind. It is

more likely that a region of disturbance or shock wave exists for some

distance out from the moon, in which case the measured particle fluxes
woqld not be characteristic of the undisturbed solar Qind.

‘ An ion mass spectrometer and ion trap should also be inéluded in
the instrumentation; these measurements would be especially useful if
the solar-wind particles reaching the moon are completely thermalized
or if there is significant ionization of lupar gases. An ion mass
spectrometer can provide information on relative concentrations, but
it is not very good for establishing absolute concentrations. An iog
trap is particularly effective for determining the absolute concentration
but it has poor capability for analyzing the relative abundances of

different constituents except in very {dealized situations. ‘Thus the
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two instruments complement one another.

Pressure gages should be used oﬁ all missions. It is probable that
pressure gages are the only'instruments sufficiently developed to be
useful in an orbiter, where there could be a real payoff.in the sens;
of detecting discrete sources of morning surface outgasing. |

In summary, the maximum direct information on the lunar atmosphere
must come from measurements on the neutrQI components, while the experimental
techniqueo are better developed for measuring the ionized components of the
atmosphere, The total ﬁeutral particle pressure can be measured with
available techniques. The mass spectrum should be measurable, depending
on progress in instrument development in this area. We therefore suggest

the following priorities among the possible atmospheric measurements for

the first three Apollo missions.

3' First Mission:

: 1) neutral mass spectruﬁ (1f adequately developéd)
2)  neutral particle pressure |
3) total ion concentration

4) directed ion flux

5) ion mass spectrum

Second Mission:

1) neutral particle pressure
2)  directed ion flux

3) ion mass spectrum

&) fneutral mass spectrum

5) total fon concentration
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Third Mission

1) neutral particle pressﬁie
2) neutral masu.spectrum
'3) ion mass apcccrhm
4) directed ion flux
5) :otd} ion concentration
The development of a neutral particie mass spectrometer capable of operating

13 atm.) should be pushed with the

in the expected pressure range (10~
nominal intention of s;ndiﬁg that instrument on the first mission; the

ion equipment also should be included if space is available. 1In any case,
it should be available as a replacement if development difficulties delay

the neutral mass spectrometer so long that it cannot fly in early Apollo

missions.

6." Availability of Instrumentation

| Except for neutral mass spectrometers, instrumentation of the type
and sensitivity required for the recommended program has been developed
and is presently in use in spacc systems. Ion traps and ion mass
spectrometers have been flown in many vehicles, including EGO. The
directed ion flux could be measured with a solar wind detector, of which
that flown in Mariner is a good example, or with a spectrometer for low-
energy particles, such as that in the ISIS program. Pressure gages of
the Redhead type have been extensively used and are essentially onfthe-
shelf items.

Neutral-pariicle mass spectrometers of the required sensitivity
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have not yet been operated in the laboratory. What is réquired, however,
is apparcntly only a marriage of existing techniques. The addition of
electron multipliers.and coﬁnting techniques to an instrument of the
quadrupole type can probably supply the required sensitivity, while

the introduction of coincidence techniques may provide an even better
instrument. Instrument development rathef than research appears to be
the requirement, énd it appears probable that a suitable instrument can

be developed in time for the early Apollo missions.

GPO 892-803



